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Abstract
Electric Propulsion (EP) systems can enable novel spacecraft missions requiring high total change
in velocity, owing to their high specific impulse compared to chemical propulsion systems. Mature
devices, such as Hall Effect Thrusters (HETs), have accumulated significant flight heritage. How-
ever, established technologies do not satisfy the requirements of the rapidly growing small satellite
sector, because of adverse scaling to low powers. The Halo thruster concept falls within the cat-
egory of Cusped Field Thrusters (CFTs), aimed at addressing this issue. The concept concerns the
use of ‘magnetic null regions’, formed through the deliberate cancellation of magnetic fields. Two
such regions are produced in the thruster, a ‘null point’ at the thruster exit and an annular ‘halo’
near the anode.
The work presented in this thesis has provided foundational knowledge of the performance and
internal physics of the Halo thruster, using a 5 cm channel diameter, electromagnet laboratory
model. Measurements of thrust, specific impulse and thrust efficiency were obtained over a wide
range of operating conditions using a pendulum thrust balance in representative high vacuum,
and the sensitivity of the measured performance to facility effects was assessed. Trends in plasma
potential, electron temperature and plasma density internal to the discharge channel were obtained
using a translating Langmuir probe, allowing the basic physics of operation of the device to be
inferred.
The thruster was found to exhibit comparable performance to other CFTs, with measurements
shown to be robust to facility effects. Internal plasma measurements revealed behaviour similar to
that of the Cylindrical Hall Thruster, with some differences due to the presence of the halo magnetic
null region near the anode which might be exploited to improve performance. As a result of the
research presented, design changes are suggested for future iterations. In its current embodiment,
the thruster already offers advantages over heritage small satellite EP systems, and is a viable
candidate for near-term industrialisation.
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Chapter 1
Introduction
1
1.1 Electric Propulsion (EP) fundamentals
1.1.1 Thrust and specific impulse
In spacecraft design and mission planning, the performance of the propulsion system is often a key
determinant of mission feasibility. When planning a mission, there are significant cost incentives
(particularly in reducing launch costs) for minimising the total mass of a spacecraft and maximising
the fraction of spacecraft mass dedicated to the payload. Although mass savings can be made
for example through the use of lightweight materials and optimised structural designs, the most
significant contribution to non-payload mass onboard a spacecraft is often propellant. The fraction
of spacecraft mass which must be allocated to propellant for a desired total change in velocity of
a spacecraft over a mission, ∆v, can be calculated using Newtonian mechanics.
Propellant is expelled from a spacecraft to produce thrust, in order to achieve the orbit transfer
and/or station keeping requirements of the mission. Thrust, F , is proportional to the rate of
propellant mass ejection, m˙, and the velocity of the exhaust produced by a rocket propulsion
system, ue:
F = −m˙ue (1.1)
Note the minus sign due to the opposite sense of F to that of ue. When propellant is expelled
from a spacecraft by a rocket engine, the spacecraft experiences a thrust force in the direction
opposite to the expulsion (demonstrating Newton’s third law, or conservation of momentum). The
spacecraft’s acceleration, a(t) due to thrust is given by Newton’s Second Law:
a(t) =
F
m(t)
= − m˙ue
m(t)
(1.2)
where m(t) is the total mass of the spacecraft (‘dry’ mass plus remaining propellant mass) at a
given instant of time. ∆v is then given by the integral of acceleration with respect to time over the
mission duration, τ :
∆v =
∫ τ
0
a(t)dt = ue
∫ 0
τ
m˙
m
dt = ue ln
m(t = 0)
m(t = τ)
(1.3)
The final mass, when all propellant has been expended, is the dry mass of the spacecraft, mf , and
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Figure 1.1: Typical ∆v requirements for a selection of destinations in the solar system. Im-
age produced by Richard Penn using data from Hollister David available at http://hopsblog-
hop.blogspot.co.uk/.
the initial mass of the spacecraft, m0, is the dry mass plus the total mass required for propulsion
over the course of the mission, ∆m:
∆v = ue ln
mf + ∆m
mf
(1.4)
Equation 1.4 is generally known as the rocket equation, and was originally derived by Konstantin
Tsiolkovsky, one of the founding fathers of rocketry [1]. Figure 1.1 presents an overview of typical
∆v requirements for some destinations in the solar system of commercial or scientific interest.
The fraction of the initial spacecraft mass contained in propellant, ζ, is then given by:
ζ =
∆m
m0
= 1− e−∆vue (1.5)
Equation 1.5 demonstrates that the propellant mass fraction, ζ, required for a mission of given
∆v depends only on the exhaust velocity of the propulsion system. The greater the exhaust velocity,
the lower the propellant mass fraction, and the greater the payload mass fraction. Usually, the
efficacy with which a propulsion system uses propellant mass to achieve a given ∆v is characterised
by specific impulse, Isp, rather than the exhaust velocity:
3
Isp =
ue
g0
=
F
m˙g0
(1.6)
where g0 is the acceleration due to gravity at Earth’s surface, 9.81 ms
−2. Isp is the impulse
(change in momentum, or integral of force over time) delivered by a propulsion system per unit
weight on Earth of propellant, and has units of seconds (and hence has the same value in both
imperial and metric systems, unlike thrust) [2].
1.1.2 Motivation and challenges for EP
Chemical rockets are the tried and tested workhorses of spacecraft propulsion, and have provided
the overwhelming majority of manoevres in space to date. In a chemical rocket, thrust is produced
by the thermodynamic expansion of propellant, heated by a chemical reaction in a combustion
chamber, through a suitably shaped nozzle of increasing area. In this process, energy stored in
the fuel and oxidiser (enthalpy) is converted into kinetic energy of exhaust gases. Since the energy
density of the fuel is very high and reaction rates are very fast, large mass flow rates can be heated
to give the desired exhaust velocity, resulting in high thrust in line with Equation 1.1. This allows a
chemical rocket launched from Earth to overcome the force of gravity and enter into orbit. However,
the conversion of enthalpy (intrinsic to the propellant) into kinetic energy places limits on specific
impulse, since energy is conserved - in practice, chemical rockets typically achieve specific impulses
of order 100 s, with the theoretical limit lying around 500 s [3].
Figure 1.2 displays the propellant mass fraction as a function of specific impulse. As a result
of the fundamental thermodynamic limit on chemical rocket Isp, which results in large propellant
mass fractions for high ∆v, gravity assists (orbital manoevres involving the exchange of momentum
between a planetary body and a spacecraft) are often required to increase the velocity of a space-
craft. In order to achieve the ∆v values necessary for long-distance interplanetary travel without
reliance on gravity assists, or for long-time station keeping in orbit, a different approach is needed.
A definition of EP is the production of thrust through the heating and/or acceleration of a
propellant using electrical power, which is usually provided by solar panels (and sometimes stored
in batteries for use during eclipse) [4]. Contrary to a chemical rocket limited in Isp by the intrinsic
properties of propellant and materials, the Isp of an EP device is determined extrinsically by the
details of the energy transfer method used. An increased Isp versus chemical rockets is traded for
a reduction in thrust: since the power density of solar panels/batteries is much lower than that of
4
Figure 1.2: Propellant mass fraction as a function of specific impulse, for several sample ∆v values.
Even close to the theoretical limit for chemical rockets, a large mass fraction is required to achieve
high ∆v.
5
Technology Specific Impulse / s
Cold gas thruster 50
Monopropellant chemical thruster 200
Bipropellant chemical thruster 400
Resistojet 300
Arcjet 500
Pulsed Plasma Thruster 1000
Hall Effect Thruster 2000
Gridded Ion Thruster 3000
Table 1.1: Overview of some common thruster technologies with order of magnitude values of
specific impulse [2, 5, 6].
reactive chemicals, only very low mass flow rates can be effectively utilised. This low thrust makes
most EP devices suitable for use only in space, where dissipative drag forces are negligible and
small accelerations can take place over long periods to produce high velocities. Table 1.1 displays
an overview of properties of the main groups of EP technologies, with some chemical propulsion
technologies listed for comparison.
The core advantage of EP in reducing the propellant mass fraction comes with several challenges
to practical integration with spacecraft systems. Figure 1.3 displays a schematic of a typical EP
system.
The use of electrical power from the spacecraft bus introduces the need for a performance metric
which accounts for the power requirements of an EP system in addition to thrust and specific
impulse. Thrust efficiency, η, is defined as the ratio of jet power (the rate of exhaust kinetic energy
production) to input electrical power, P :
η =
1
2m˙u
2
e
P
=
F 2
2m˙P
(1.7)
Performance is typically characterised by the three parameters thrust, F , specific impulse, Isp,
and thrust efficiency, η. As well as the performance of a thruster, additional considerations related
to spacecraft systems integration also play a significant role in determining suitability for industrial
application. These include the amount of power available on the spacecraft and the means of its
delivery to the thruster, the lifetime of the thruster and the interactions of the thruster body and
plume with the spacecraft.
EP systems require sophisticated Power Processing Units (PPUs), which convert power from
the spacecraft bus to the required currents, voltages and possibly AC frequencies of thrusters.
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Figure 1.3: Schematic of a typical EP system [7]. Electrical power is generated by a solar array
(SA) and either directly supplied to the Power Processing Unit (PPU) or stored in batteries for
use during eclipse. The PPU converts the electrical power input from the solar array/battery into
the necessary electrical power outputs for thruster operation. Propellant is stored in a tank and
pressurised, for example using Helium gas. A series of valves, filters and mass flow controllers
(not shown here) control the flow of propellant to the thrusters. The spacecraft computer receives
inputs from various sensors (for example pressure sensors) and controls the various subsystems to
deliver the desired thruster operating conditions.
High voltage requirements, in combination with a need for robustness against large and sudden
changes brought on by plasma instabilities, can lead to large PPU masses. Roughly speaking,
the greater the specific impulse of an EP system, the greater the voltage requirements, and the
larger the PPU mass as a result of the need for additional electrical isolation. In the case that
specific impulse depends on voltage (as is the case for most electric thrusters that have flown, which
accelerate propellant electrostatically), there is a trade-off to be made between PPU mass, mp, and
propellant mass, ∆m, in order to minimise total mass. This trade-off, giving an optimum specific
impulse, is demonstrated in Figure 1.4.
A related concern is the total power available on a spacecraft, which is limited in most cases
to the power output of photovoltaics. Solar power, combined with lightweight and efficient power
processing hardware, is sufficient for EP to be commercially competitive in Earth orbit, but quickly
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Figure 1.4: Trade-off of propellant mass, ∆m, versus power supply mass, mp, with specific impulse
(proportional to PPU output voltage), indicating an optimum value for minimal mass [4].
becomes limited for deep space exploration as a result of the 1/D2 dependence on power generated
as the distance D from the Sun increases. As a result, unless major advances can be made in the
efficiency of photovoltaic technology (or very large deployable arrays), future manned interplanetary
and deep space missions using EP will likely require nuclear power sources [2, 5, 7, 8].
Owing to their small thrust levels, EP systems must operate continuously over very long peri-
ods (often tens of thousands of hours) to achieve significant ∆v. Thruster lifetime is therefore
very important, and is determined generally by surface interactions of plasma with electrodes and
insulating surfaces [2, 9].
Interactions of charged exhaust plumes and the thruster body with other spacecraft components
are also crucial considerations for the integration of EP - these include effects such as charging of
the spacecraft, sputter erosion of spacecraft surfaces, deposition of eroded electrode and thruster
wall materials, thermal dissipation through the thruster mount and electromagnetic interference [7].
The key performance indicators for a fully integrated EP system can be broadly summarised as
follows:
 Thrust, F
 Specific impulse, Isp
 Thrust efficiency, η
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 System complexity and mass (thruster, PPU, propellant feed system)
 Thruster lifetime
 Spacecraft interactions
A practical EP system strikes a balance between these considerations in order to enable high ∆v
at greatly reduced cost versus chemical propulsion systems.
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1.2 State of the art
1.2.1 Classification of EP technologies
There are many means of producing thrust using electrical power - these have been historically
categorised into electrothermal, electrostatic and electromagnetic acceleration mechanisms. The
following descriptions and simplified models for each category are due mainly to Jahn [4], supple-
mented by Ref.s [5–10], and are similarly derived throughout the literature. An overview of plasma
physics relevant to EP is given in Appendix A.
1.2.1.1 Electrothermal propulsion
Operating under similar basic principles to chemical rockets, electrothermal acceleration relies on
the thermodynamic expansion of a hot propellant through a nozzle (either a material or magnetic
nozzle), converting thermal energy in the heating chamber into kinetic energy in the exhaust plume.
The electrical heating of propellant can be achieved in several ways:
 Resistive heating of a wire in thermal contact with propellant - Resistojet
 Heating by driving an electrical arc through ionised propellant - Arcjet
 Excitation of a plasma by electromagnetic radiation - radio frequency thrusters, microwave
(electron cyclotron resonance) thrusters
Figure 1.5: Simple 1-D model of an electrothermal thruster [4]. Propellant passing through a
chamber at flow velocity uc is electrically heated, resulting in a temperature and pressure Tc and
pc. Thermal energy is converted into kinetic energy in the flow velocity of the exhaust, ue, through
the action of a converging-diverging nozzle, resulting in a temperature and pressure Te and pe.
Regardless of the specific method of heating, an electrothermal thruster can be roughly char-
acterised by a one-dimensional model, as demonstrated in Figure 1.5. An initial estimate for the
10
exhaust velocity attainable by an electrothermal thruster can be made using this model. Assum-
ing (for a crude first approximation) a constant specific heat capacity (at constant pressure) for
the propellant, Cp, and adiabatic expansion through the nozzle, the balance of energy per unit
propellant mass between the exhaust plume and heating chamber can be expressed as:
1
2
u2e + CpTp =
1
2
u2c + CpTc (1.8)
where Tp and Tc are the temperatures in the exhaust plume and heating chamber respectively.
To first approximation, the velocity of the propellant in the chamber, uc, and the temperature of
the exhaust plume, Tp, are small quantities which can be ignored, such that
ue =
√
2CpTc (1.9)
Using this simple model, it can be inferred that an increase in exhaust velocity for an ideal
electrothermal device requires a quadratic increase in the temperature of propellant in the heating
chamber. Consequently, high exhaust velocities are constrained by chamber and nozzle thermal
tolerances. It is also clear that use of a propellant with a quadratically increased specific heat
capacity (roughly corresponding to lower molecular mass) will produce a linear increase in exhaust
velocity.
In addition to the heat tolerance and specific heat capacity constraints of an ideal electrothermal
device, a real device will experience reductions in efficiency through several mechanisms. These
include dissipation of heat from heating elements to the surroundings, radiation of heat from the
propellant to the walls and axially through the nozzle, radiation of heat by the chamber walls
to surrounding components and to space, and temperature dependence of specific heat capacity.
The adiabatic 1-D model described above, despite its usefulness in gauging the scaling of key
parameters, is also clearly limited in its description, since actual propellant flow is in no way free of
heat loss or one dimensional. In reality, temperature and density gradients are formed across the
propellant stream during heating, which limit propulsive efficiency through viscous and thermal
losses. Also, propellant often flows through the nozzle too quickly for thermal equilibrium to be
maintained: enthalpy imparted to internal modes of the propellant gas (e.g. molecular vibration,
rotation, dissociation) during heating cannot then be recovered as kinetic energy. It is therefore
important to select a propellant with fast internal modes to minimise these ‘frozen flow’ losses.
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Other important properties to consider when selecting a suitable propellant include the specific
heat capacity, the ability to store the propellant on a spacecraft (either in solid or liquid form at a
suitable temperature) and the chemical reactivity.
1.2.1.2 Electrostatic propulsion
Rather than heating and expelling propellant through a nozzle to produce thrust, as is the case
for chemical rockets and electrothermal devices, an entirely different propulsion technique, which
allows much higher specific impulse, is to accelerate ionised propellant electrostatically. The most
conceptually simple device to electrostatically accelerate propellant is the Gridded Ion Thruster
(GIT). In a GIT, positively charged ions are accelerated along a potential drop towards a negatively
biased electrode by electrostatic attraction, beyond which they are subsequently neutralised by an
external source of electrons. Neutralisation is required to prevent stalling or reflection of the ion
beam back towards the negative electrode, and also to prevent a loss of positively charged ions
resulting in rapid negative charging of the spacecraft. The resulting exhaust plume is a quasi-
neutral mixture of ions and electrons (which recombine into neutrals far downstream), a plasma.
The key parameters which determine the performance of an electrostatic device can be inferred
using a one-dimensional model such as that shown in Figure 1.6.
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
Ion source
Power supply Electron source
Plasma exhaust
Accelerating grid
Figure 1.6: Simple 1-D model of an electrostatic thruster [5]. Ions are accelerated towards and
through a grid electrode held at a negative electrostatic potential relative to the ion source. As the
ions exit the acceleration zone they are neutralised by collecting electrons from an external source,
resulting in a plasma exhaust.
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In this model, singly charged positive ions of mass mi are produced at an ion source (also
the anode of the system) with negligible velocity and are accelerated towards a downstream grid
electrode, which is at a negative potential, −V0, relative to the ion source. The separation of the ion
source and accelerating grid is d. After the ions pass the accelerating electrode, they are assumed
to be immediately neutralised by electrons emitted by the thruster cathode (examples include a
hot wire filament or hollow cathode), and leave the system with a velocity ue, determined by the
potential drop between the electrodes:
1
2
miu
2
e = eV0 ⇒ ue =
√
2eV0
mi
(1.10)
The exhaust velocity, and hence specific impulse, of an electrostatic thruster can therefore im-
mediately be seen to depend on the charge to mass ratio of the propellant ions - higher charge to
mass ratios yield higher Isp values. The acceleration of ions, of number density ni, results in a
current density, j, given by
j = nieue (1.11)
The ions accelerated by the applied electric field between the ion source and accelerating grid
have their own associated electric field due to their space-charge (given by Maxwell’s equations),
which acts to oppose the applied field. It can be shown that there is a maximum ‘space-charge
limited’ current density, jsc, at which this space-charge field exactly opposes the applied field, given
by Child’s law:
jsc =
40
9
(
2e
mi
)1/2 V 3/20
d2
(1.12)
There is therefore a fundamental limit on the ion current density achievable by electrostatic
acceleration of ions, corresponding to the space-charge limited case. The thrust per unit cross-
sectional area of the thruster S, or thrust density, is related to current density by
F
S
=
m˙ue
S
= nimiu
2
e =
jmiue
e
(1.13)
The space-charge limited thrust density Fsc/S, substituting ue and jsc from Equations 1.10 and
1.11, is thus given by
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Fsc
S
=
jscmiue
e
=
80
9
(
V0
d
)2
(1.14)
Assuming that an electrostatic thruster would be operated in this space-charge limited case
to maintain maximum thrust, the thruster’s exhaust velocity scales linearly with power input,
potentially allowing very high specific impulse:
P =
1
2
Fscue ⇒ ue = 2P
Fsc
(1.15)
Electrostatic thrusters, in contrast to electrothermal devices, therefore offer greater gains in
specific impulse with increasing power. However, as described in Section 1.1.2, increasing specific
impulse carries the penalty of increasing PPU mass, such that the high specific impulses achievable
by electrostatic thrusters can lie far above the optimum value for some applications, such as orbit
raising. Practical GITs make use of further decelerating electrodes in order to address this, amongst
others problems such as the migration of electrons from the cathode into the accelerating channel.
Other electrostatic devices include Field Emission Electric Propulsion (FEEP, or Electrospray)
thrusters and Colloid thrusters - both make use of high voltages at the surface of a liquid propellant
to liberate and accelerate ions, achieving very high efficiency and specific impulse. The thrust levels
of these devices tend to be low, making them attractive for micropropulsion and precise attitude
control. Hall Effect Thrusters (HETs) also accelerate ions electrostatically, but achieve this through
the action of an electric field sustained within a plasma due to a magnetic field barrier to electron
transport. They can be categorised as electrostatic/electromagnetic hybrid thrusters, and are
discussed in greater detail in Sections 1.2.2, 1.2.3 and 2.1.
The performance of a real electrostatic acceleration device is limited by additional practical con-
siderations for the ion source, accelerating electrode configuration and neutralisation stage. The
ion source must provide ionised propellant of a suitable charge to mass ratio at a sufficient rate
to maintain a space-charge limited current. The energy to produce an ion, taking into account all
thermal losses, must be significantly less than the kinetic energy of the ion as it passes the accel-
erator grid in order to maintain high thrust efficiency. Also, the release of neutral propellant from
the ion source must be minimal, in order to prevent charge exchange interactions (see Appendix
A) which result in lifetime-limiting sputter damage to grid electrodes and walls.
Sputter damage by ions must also be minimised by a suitable electrode configuration - an electric
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field which minimises ion impingement, while maximising ion current and beam uniformity, is
desirable. Thrust density is limited by the strength of electric field that can practically be achieved
- electrical shorting due to combinations of electrode manufacturing imperfections and high voltages
generally results in practical maximum field strengths of order 106 Vm−1. The electrostatic force
per unit area due to an electric field, E, is given by 120E
2, corresponding to a typical order of
magnitude thrust density of around 1 Nm−2.
The external neutraliser must provide an electron beam which efficiently neutralises the outgoing
ion beam within a short distance of the thruster exhaust, in order to minimise stalling and reflection
of ions back towards the accelerating electrode.
Finally, in addition to satisfying the above requirements, all subsystems of a practical electrostatic
thruster must be able to operate continuously over a period of potentially many years.
1.2.1.3 Electromagnetic propulsion
In order to overcome the fundamental space-charge limit on thrust of electrostatic devices, while
maintaining a high specific impulse, electromagnetic propulsion devices accelerate quasi-neutral
plasma through the interaction of internal currents with self-induced or external magnetic fields.
The removal of the space-charge limit through a plasma’s quasi-neutrality presents opportunities
for greater thrust density, although this can come at a cost of additional complexity. This has
resulted in a diverse variety of ‘plasma thrusters’, which produce a wide range of thrust densities
and specific impulses at various power levels by employing different electric and magnetic field
configurations. A simple, general 1D model for an electromagnetic thruster cannot be formulated,
since electromagnetic effects are inherently multidimensional and there is no single underlying
technique to accelerate plasma using a combination of electric and magnetic fields. However,
in every electromagnetic thruster the underlying force which governs the motion of particles is
the Lorentz force (see Appendix A), which is most clearly exploited in Magnetoplasmadynamic
Thrusters (MPDTs) and Pulsed Plasma Thrusters (PPTs).
MPDTs, sometimes referred to as Lorentz Force Accelerators (LFAs), operating at high power
(order 100 kW) can exploit the Lorentz force to produce thrust densities approaching 105 Nm−2 and
specific impulses of order 1000-8000 s. An MPDT establishes an electric field between a concentric
cathode and anode, in such a way that current flow is perpendicular to an azimuthal magnetic
field. At sufficiently high currents, a strong magnetic field is purely induced by current flowing
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through the thruster electrodes (referred to as ‘self-field’ MPDTs) - performance can sometimes be
enhanced by applying an additional external magnetic field (‘applied-field’ MPDTs). The Lorentz
force arising from current crossing magnetic field lines results in the formation of an intensely hot
and collimated plasma beam. MPDTs can operate at steady state or in a quasi-steady pulsed mode
to mitigate the large power requirements.
PPTs exploit a self-induced Lorentz force in plasma produced in short bursts (of order 10 µs)
at high instantaneous power. The plasma is generated by discharging a capacitor or inductive coil
through a high power switch, which ablates and ionises a solid fuel such as Teflon. PPTs typically
achieve specific impulses of order 1000 s, and are particularly useful for missions which require
precise application of thrust. They are also favourable devices for micropropulsion as a result of
their relatively low system complexity - no propellant feed system or separate neutraliser is needed,
which can significantly reduce costs (see Section 1.2.3).
Limitations on electromagnetic thruster performance are generally brought about by loss of heat
and particles to walls, erosion of electrode and wall materials, complex plasma instabilities which
are difficult to model, complicated demands on power processing systems and electromagnetic
interference with other spacecraft systems.
1.2.2 Use of EP in flight
A brief overview of the history of EP development is presented in Figure 1.7. The use of EP in flight
has been historically dominated by two technologies - GITs and HETs. Efforts to develop these
technologies were heightened during the Cold War, with the USSR focusing on HETs and the West
on GITs. In the 1990s, HETs were introduced to the West [11], and today GITs and HETs are
routinely flown on commercial geostationary communications satellites, primarily for the function
of North-South Station Keeping (NSSK). NSSK is required for maintaining a geostationary orbit,
under the gravitational pull of the Sun towards the ecliptic plane and out of the Earth’s rotational
plane. Beyond the NSSK application, HETs are increasingly being considered for orbit raising
between LEO and GEO, enabling the adoption of so-called all-electric (no chemical propulsion)
platforms [12].
GITs tend to have greater specific impulse and thrust efficiency than HETs at high powers,
but produce lower thrust owing to the space-charge limit. HETs accelerate ions electrostatically
between an anode and external cathode across a radial magnetic field barrier rather than between
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1906: EP first conceived by Goddard in USA
1911: Proposed independently by Tsiolkovsky in Russia
1917: First patent for an electrostatic ion accelerator filed by Goddard
1929: Oberth outlines the future potential of EP in Ways to Spaceflight
1933: First laboratory electric thruster for space propulsion developed by Glushko
1949: Shepherd and Cleaver present the first quantitative feasibility study of EP, with negative conclusions
1951: Spitzer’s independent analysis shows ion thrusters to be feasible, proposes the first GIT
1954: Stuhlinger publishes the first concept design for a spacecraft using EP
1960: Development of HET technology begins in USA and USSR
1964: First demonstration of an ion thruster in space on the NASA SERT 1 spacecraft
1971: First flight of HETs of the Stationary Plasma Thruster (SPT) design, due mainly to Morozov,
onboard the USSR’s Meteor satellite
1970s - 1980s: Numerous experimental missions using GITs, HETs, Resistojets, Arcjets, PPTs and MPDTs.
Continued use of HETs on many USSR satellites
1992: NASA scientists conduct tests on an SPT-100 HET in Russia
1995: First use of an ion thruster for north-south station keeping on the Japanese communications satellite ETS-6
1997-1999: First use of an ion thruster in a deep-space mission on NASA’s Deep Space 1
2001: First study of a cusped-field thruster, the Cylindrical Hall Thruster, aimed at downscaling HET designs
for small satellite applications
2003-2006: ESA’s SMART-1 mission to the Moon uses a HET for primary propulsion
2007 - Present: NASA’s Dawn mission uses ion thrusters to explore the large asteroids Vesta and Ceres
2003-2010: The Japanese Hayabusa asteroid sample return mission uses ion thrusters for primary propulsion
2009-2013: ESA’s GOCE mission uses ion thrusters to sustain a very low orbit against atmospheric drag forces
2018: Planned launch date for the ESA/JAXA mission to Mercury BepiColombo, which will use ion thrusters to
slow the spacecraft on approach
Figure 1.7: Timeline displaying a selection of milestones in the development and use of EP [5–7,
13, 14].
physical grid electrodes, and are not space-charge limited since quasi-neutrality is maintained by
the presence of electrons throughout the thruster volume. The HET can be categorised as a hybrid
electrostatic/electromagnetic EP device. The principles of HET operation are described in detail
in Section 2.1.
Most HETs that have flown are of the magnetic layer variety, often called the Stationary Plasma
Thruster (SPT). Figure 1.8 displays the Safran Snecma (France) PPS1350 [15], which is based on
the OKB Fakel (Russia) SPT-100 [11] and has flown on several commercial platforms as well as in
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lunar orbit on ESA’s SMART-1 mission [12, 16]. This thruster represents the current state of the
art in HET technology in Europe, and has performance characteristics displayed in Table 1.2.
Figure 1.8: Safran Snecma PPS1350 HET [15].
Power (nominal) (W) 1500
Anode voltage (V) 350
Thrust (mN) 90
Specific impulse (s) 1660
Thrust efficiency (%) 55
Table 1.2: Performance characteristics of the PPS1350 HET [15].
1.2.3 EP for small satellites
In recent times, efforts towards lowering the cost of access to space for the purposes of Earth
observation, telecommunications and scientific research have led to rapid growth in the capabilities
of small satellites, defined as spacecraft of order 100 - 500 kg mass (micro/nano-satellites are not
considered here), which for certain applications can offer competitive services at a fraction of the
cost of larger platforms [3]. In the 1970s and 1980s, the Surrey Space Centre (SSC) and Surrey
Satellite Technology Ltd (SSTL, spun out of SSC in 1985 and now a wholly-owned subsidiary of
Airbus) pioneered the use of Commercial-Off-The-Shelf (COTS) components to construct low cost,
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low lead time and highly successful small satellites, and both organisations remain at the forefront
of research, development and commercial exploitation of small satellite technologies [17]. The UK
as a whole possesses particularly strong capabilities in the small satellite sector, and significant
growth in this area is expected in the coming years [18, 19]. Globally, small satellites are becoming
increasingly relevant, particularly with the advent of proposed very large constellations of small
satellites in Low Earth Orbit (LEO) for worldwide provision of high speed internet access [12, 20].
Small satellites, like larger platforms, can also benefit from the use of high performance electric
thrusters, but introduce their own unique constraints on a propulsion system [3, 21, 22]. Small
satellite constraints on cost (primarily), available power, mass and volume (when several small satel-
lites can be launched together to save costs, the constraint on volume can become more important
than the constraint on mass) mean that the considerations for the aggregate system required to
operate a small thruster technology are at least as important as the performance of the thruster, if
not more important. The emphasis on cost is pushed to extremes when considering the proposed
mega-constellations, which will require unprecedented mass production of small satellites, including
EP systems. This presents enormous challenges not limited to science and engineering of thrusters
and associated systems. Manufacturing techniques and the supply chain will have to be completely
overhauled in moving from small volume assembly by hand to large volume, potentially automated
assembly.
The major cost contributions to an integrated small satellite EP system (in addition to costs
for the thruster/cathode and assembly, integration and testing) are the propellant, the propellant
storage tanks and flow control mechanisms (fluidics), power processing electronics and gimballing
mechanisms for thrust vector control. These subsystems depend on thruster design and present
various routes for cost saving for small satellites, which are discussed in greater detail below.
The propellant of choice for state-of-the-art EP systems is Xenon (owing to its low ionisation
energy and excellent storability relative to other noble gases), which has a high and fluctuating
price per kg. The use of alternative propellants would be highly desirable for reducing costs. It
might be favourable in some cases to use larger quantities of cheaper propellant, or even to share
the propellant of a chemical propulsion system, and sacrifice ultimate thruster performance. Key
considerations for a propellant besides thruster performance are cost per kg, storage density, and
chemical compatibility with spacecraft structures and the cathode. The cost of a fluidics system
could be reduced by reducing complexity - for example, fixed orifices and pressure regulators might
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be used instead of mass flow controllers to give a limited range of flow rates at a lower cost.
The cost and mass of power processing electronics scales approximately linearly with increasing
thruster discharge voltage (see Figure 1.4, which displays graphically the so-called ‘power supply
penalty’ [4]). It may therefore be favourable in some cases to sacrifice specific impulse in return for
lower PPU mass and/or volume. Alternatively, where mass/volume constraints are more critical
than power constraints, high specific impulse could be maintained at lower discharge voltages by
intentionally producing large numbers of multiply charged ions, at the expense of thrust efficiency
due to the increased electrical power needed to produce these ions. Power processing requirements
and thruster mass might also be reduced by the use of permanent magnets instead of electro-
magnets, trading off against flexibility in performance and potential difficulties in attitude control
for the spacecraft introduced by interactions with the Earth’s magnetic field. Permanent magnet
thrusters may in some cases also require additional PPU mass for starting the discharge with a
high voltage pulse, since the magnetic field cannot be switched off to allow the low voltage initial
formation of a glow discharge.
Thrust vector control is desirable to ensure that thrust is directed through the spacecraft’s centre
of gravity, so as to not destabilise the attitude. This is accomplished on larger spacecraft through
the use of complex and expensive mechanical gimballing systems. For small satellites which require
a fine degree of position control a means of actively steering the outgoing ion beam through the ac-
tion of the thruster alone would be desirable. For example, the Quad Confinement Thruster (QCT)
allows a degree of beam-steering through varying currents to electromagnets arranged in a quad-
rupole configuration [23–26], and magnetic field and flow rate asymmetries have been investigated
as means of thrust vectoring for HETs [27].
The design of a viable EP system for small satellites is therefore a complex trade-off optimisation
problem, which is not sufficiently addressed within the present EP landscape of GITs and HETs
operating at kW power levels. HETs have considerable flight heritage and represent the leading
EP technology for applications in Geostationary Earth Orbit (GEO) and as a result have been well
studied for downscaling to lower power levels suitable for small satellites in LEO. Unfortunately,
scaling conventional HET designs to lower sizes and powers of order 100 W results in reduced
performance (see Section 2.1) [28, 29]. Table 1.3 lists the performance characteristics of several
low power HETs, which possess lower specific impulse and thrust efficiency than the higher power
PPS1350 displayed in Table 1.2.
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Thruster SPT-30 BHT-200 HT-100
Manufacturer OKB Fakel Busek Alta/Sitael
Nationality Russia USA Italy
Power (nominal) (W) 200 200 120-400
Anode voltage (V) 200 250 150-400
Thrust (mN) 10 13 6-18
Specific impulse (s) 1000 1390 800-1600
Thrust efficiency (%) 30 44 20-40
Table 1.3: Typical performance characteristics of commercial low power HETs [29–33].
There is a significant need in the rapidly growing small satellite sector for the development of
novel electric thruster technologies which work cost effectively at powers of order 100 W [21, 22, 29].
In attempting to address this problem, several new ‘Cusped Field’ Thruster (CFT) concepts have
been developed since the early 2000s, which modify the HET discharge channel geometry and
magnetic field topology. The subject of this thesis, the Halo thruster, fits within this domain and
is similarly motivated by the need for competitive EP technologies for small satellites.
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1.3 Halo Thruster concept and history of development
1.3.1 Concept and Permanent-magnet Centrally-neutralised (PC) Halo Thruster
The Halo Thruster was first conceived in 2011 by A. Knoll as a secondary plasma acceleration
stage for a Hollow Cathode Thruster (HCT) [34]. The concept concerns the use of ‘magnetic null
regions’ as virtual electrodes contained within the thruster bulk plasma [35–37]. A magnetic null
region occurs where magnetic field lines cancel exactly to zero. It is expected that magnetic fields
surrounding a null region weakly confine plasma through the magnetic mirror effect - indeed, mag-
netic null regions (sometimes called ‘x-points’) have historically been investigated for the purposes
of plasma confinement in the controlled fusion community [38, 39]. The thruster concept, originally
conceived using permanent magnets and a centrally mounted cathode neutraliser (referred to here
as the Permanent-magnet Centrally-neutralised (PC) Halo thruster), is displayed schematically in
Figure 1.9a, alongside a finite element simulation of the magnetic field topology in Figure 1.9b. All
magnetic field finite element simulations in this thesis were generated using the open source soft-
ware Finite Element Method Magnetics by David Meeker. The centrally mounted neutraliser was
motivated by the possibility of maximising total specific impulse and thrust efficiency for the whole
system, through the utilisation of neutral propellant which exits the cathode discharge (which is
lost in a conventional externally-neutralised configuration). It has also been shown that centrally
neutralised HETs exhibit favourable performance as a result of a reduced plume divergence and
increased plume symmetry compared to a conventional externally neutralised configuration [40].
Two concentric, annular, axially magnetised permanent magnets are used to produce two mag-
netic null regions in the discharge channel - a downstream ‘null point’ near the channel exit and
an upstream annulus, or ‘halo’, for which the thruster is named, located near the thruster anode.
The magnetic null regions are hypothesised to weakly confine electrons, leading to local increases
in plasma density. Each magnetic null region is connected to a thruster electrode by magnetic
field lines, along which electrons can flow with minimal resistance, with the intention of forming
virtual electrodes within the bulk plasma. Ions produced close to anode potential near the halo
are expected to accelerate towards the null point across a strong radial magnetic field barrier (not
shown for the purpose of clarity in Figure 1.9a). The outgoing ions would then be neutralised at
the null point through collection of electrons at close to cathode potential [35–37].
During testing of the PC-Halo thruster (see Appendix B), which produces very high magnetic
22
S N
S N
S N
S N
Anode
Cathode
Halo (Virtual Anode)
Null Point (Virtual Cathode)
Accelerated Ion Cone
Exhaust Cone
(a) Idealised thruster concept.
(b) Magnetic field simulation, indicating the halo and null point.
Figure 1.9: PC-Halo thruster concept and simulated magnetic field topology.
field strengths on order 1000 G surrounding the magnetic null regions (see Figure 1.9b), some
photographic evidence was gathered indicating the action of the magnetic null regions on the local
plasma. Figure 1.10a displays the apparent confinement in the downstream null point of ambient
plasma produced by a Radio Frequency (RF) plasma bridge neutraliser, while Figure 1.10b displays
the apparent confinement of plasma in the halo during operation of the thruster with a hollow
cathode neutraliser (visible as a bright blue ring).
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(a) RF bridge neutraliser turned on and main dis-
charge turned off - plasma appears visibly brighter in
the vicinity of the null point near the channel exit.
(b) Hollow cathode neutraliser and main discharge
turned on - plasma appears visibly brighter and more
blue in the vicinity of the halo, an annulus with a
radius of approximately half the channel radius.
Figure 1.10: Photographs of effects of magnetic null regions on plasma for the PC-Halo thruster.
1.3.2 Electromagnet, Externally-neutralised (EE) Halo thruster
The design of an electromagnet version of the PC-Halo thruster magnetic field topology was motiv-
ated by a desire to allow variation of the magnetic field strength and topology, in order to conduct
optimisation studies, and an expressed preference by industrial partners for electromagnets over
permanent magnets for near-term applications, from a spacecraft integration perspective.
Figure 1.11 displays the design evolution from the original PC-Halo thruster concept to an
Electromagnet, Externally-neutralised (EE) Halo thruster, which forms the subject of this thesis
and is described in further detail in Section 3.1. The first electromagnet Halo thruster design,
produced in October 2013 and shown in Figure 1.11b, attempted to reproduce the magnetic field
topology of the PC thruster by replacing the permanent magnets with equivalent solenoids and
magnetic circuit components. It was found that this required an excessively large thruster diameter
of over 10 cm (compared to the diameter of the original PC-Halo thruster of 5 cm) in order to
produce a sufficiently high magnetic field between the halo and null point, as well as very thin
magnetic circuit components to give cancellation over small regions. A relatively large number of
coil windings was required for the production of a sufficiently high magnetic field strength in the
thruster, as a result of the deliberate cancellation of magnetic fields. This problem was further
compounded by the position of the cathode on the central axis, which increased the minimum
inner radius of the coils and restricted the use of a thick central pole piece. An electromagnet
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thruster prototype was constructed and tested, but it was found that plasma could not be generated
uniformly in the device, likely as a result of insufficient power density in the large discharge channel.
As a result of these difficulties, changes were made to the design such that a sufficiently high
magnetic field strength could be achieved in a channel of reasonable diameter, while still maintaining
elements of the original concept. Figure 1.11c displays the second iteration of the electromagnet
thruster design, produced by C. Ryan with inputs from the author. The design and experimental
setup of the thruster is described in greater detail in Section 3.1. The design is much closer in
character to that of a Cylindrical Hall Thruster (CHT, see Section 2.1.7): a central pole piece is
used to increase the magnetic field strength, displacing the cathode to a more conventional external
position, and an annular part of the channel is employed in a similar fashion to early CHT designs.
The design differs further from the original PC-Halo thruster concept in that the halo and anode
are separated by a radial magnetic field (which was originally intended to increase ionisation near
the anode in the annular part of the channel) and the halo is positioned closer to the discharge
channel outer wall. Figure 1.12 displays the simulated magnetic field in the thruster.
Several early experimental campaigns for the EE-Halo thruster were undertaken prior to the
present work. Initial performance characterisation of the EE-Halo thruster laboratory model was
conducted by C. Ryan. The thruster was operated using Krypton (5, 10, 15 sccm) and Xenon
(5, 10 sccm) at various magnetic field strengths (0.5, 1.0, 2.0 A coil current) and at discharge
powers up to 800 W. This study found that the thruster demonstrated performance comparable to
other CFT concepts, with the greatest performance figures of merit of 21 mN thrust, 2200 s anode
specific impulse and 29% anode thrust efficiency achieved using a 10 sccm Xe anode flow rate and
767 W discharge power [35, 36]. Following this initial performance characterisation, a study of the
sensitivity of thruster performance to several extrinsic variables (see Section 2.2.3) was conducted
by H. Sandman under the supervision of T. Wantock as part of an MSc project [41]. Changes were
observed in the thruster I − V characteristics, cathode floating voltage relative to the chamber
walls and performance as a result of varying cathode flow rates, cathode grounding schemes and
background pressure (controlled using an auxiliary gas feed). Further details of these experimental
campaigns are given in Appendix C. The aims of the research presented in this thesis were shaped by
the findings and limitations of these studies, which highlighted the need for improved knowledge
of thruster performance, particularly using Xenon, of the sensitivity of thruster performance to
facility effects and of the internal physics of the thruster.
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(a) Permanent magnet, Centrally-neutralised (PC)
Halo thruster. Designed and tested by A. Knoll, fur-
ther characterisation carried out by T. Harle and T.
Wantock [35].
(b) Electromagnet, centrally neutralised Halo
thruster. Designed and tested by T. Wantock, found
to be poorly suited to low power operation and not
pursued further.
(c) Electromagnet, Externally-neutralised (EE) Halo
thruster. Designed by C. Ryan with input to elec-
tromagnet configuration from T. Wantock. Initially
characterised by C. Ryan [36], further characterised
by T. Wantock (present work).
Figure 1.11: Evolution of magnetic field topology from PC-Halo proof-of-concept to EE-Halo labor-
atory model, with contributions of various authors.
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Figure 1.12: Magnetic field simulation for EE-Halo thruster laboratory model, indicating the halo
and null point.
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1.4 Research aims
In developing a new thruster concept, it is often useful to refer to Technology Readiness Levels
(TRLs) to measure the maturity of a technology. Table 1.4 gives a list of idealised steps taken in
developing a thruster from initial concept to flight.
TRL Activity
1 Concept
2 Initial analytic and/or numerical modeling, based on existing technology
3 - 5 Design and build a thruster based on established constraints
3 - 5 Measure thruster performance and characterise internal physics
3 - 5 Determine new design constraints based on knowledge gained
6 Construct an engineering model of the thruster when performance is sufficient
7 Develop back-end systems, robust flight model thruster
8 Test entire system, conduct qualification tests for flight
9 Demonstrate operation of entire system in flight
Table 1.4: Idealised steps for thruster development, with reference to approximate ESA Technology
Readiness Levels (TRLs) [42].
The scope of the research presented in this thesis spans the first iterations of steps 3 to 5 for the
Halo thruster concept, using the EE-Halo thruster design described in Section 1.3.2. The following
aims were addressed for the first time by the author:
 Establish thruster performance under nominal conditions. Under flight-representative
conditions, extracted thrust, specific impulse and thrust efficiency as functions of input power,
mass flow rate and magnetic field strength, using a pendulum thrust balance.
 Investigate sensitivity of thruster performance to external conditions (facility
effects). Observed changes in behaviour with varying background pressures, grounding
schemes and cathode properties, in order to establish nominal operating requirements.
 Determine physics of operation of the thruster, in particular the effects of the
magnetic null regions. Inferred the locations of ionisation and acceleration in the discharge
channel, through measurements of electron temperature, plasma potential and plasma density,
using a translating Langmuir probe.
 Make thruster design changes to better suit application to small satellites. By
considering the nominal performance trends of the thruster and the inferred internal physics,
determined changes to be made for future design iterations.
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In addressing the above research aims, the thesis is organised in three chapters, followed by
conclusions and recommendations for future work.
Background and Theory
First, the theory necessary for the understanding of HET operation is presented, in order to provide
the physical motivation for CFTs and the Halo thruster. A review is given of literature relating
to the Cylindrical Hall Thruster, which is closest in character to the Halo thruster, in order to
provide context for the results presented. Overviews then follow of experimental techniques and
theories for performance characterisation, assessment of facility effects and Langmuir probe plasma
diagnostics.
Experimental Setup
A description of the EE-Halo thruster laboratory model investigated in this work is given, and
the typical experimental setup in a vacuum facility is presented. The apparatus, data collection
procedures and data analysis techniques used to determine the performance of the thruster, its
sensitivity to facility effects and its internal physics are then discussed.
Results and Discussion
The performance trends of the thruster under nominal conditions are first presented, followed by a
comparison of behaviours in different vacuum facilities and under different experimental conditions.
Measured axial profiles and interpolated heatmaps (a representation of data as a function of two
parameters, in this case the axial and radial coordinates, in the form of a map in which data values
are represented as colours) of plasma parameters in the discharge channel are then presented. The
results for each experimental theme are accompanied by discussions of the observed behaviours
and recommendations for future thruster designs.
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Chapter 2
Background and Theory
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2.1 Hall Effect and Cusped Field Thrusters
2.1.1 Typical Hall Effect Thruster (HET) design and operation
Figure 2.1a displays the design of a typical HET. An annular anode is located at the base of the
discharge channel, and usually also acts as a propellant distributor. Multiple solenoids and magnetic
circuit components are arranged around the discharge channel to produce a predominantly radial
magnetic field. A hollow cathode neutraliser is mounted externally downstream of the discharge
channel, and provides electrons for the anode discharge and for neutralisation of the outgoing ion
beam.
(a) Schematic of a typical HET [6].
(b) ~E × ~B electron drifts [43].
Figure 2.1: Hall Effect Thruster (HET) construction and mechanism of action.
The Hall effect is the formation of a component of current in the direction perpendicular to
crossed electric and magnetic fields. The trajectory of a charged particle in such a drift is cycloidal
- for one half of a single orbit around the ~B field, a particle is accelerated by the ~E field, while for
the other half of the orbit it is decelerated, resulting in a net drift of the guiding centre in the ~E× ~B
direction. The particle gains energy from the ~E field (so-called ‘Joule heating’) despite mobility of
the particle in the ~E direction being suppressed as a result of the magnetic field barrier [6].
Due to their significantly higher charge to mass ratio, the mobility of electrons across a magnetic
field barrier is significantly lower than that of ions. In a HET, electrons from an external cathode
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are attracted towards the positively biased anode, but encounter a radial magnetic field barrier
within the discharge channel. The electron mobility in the direction of the axial electric field is
impeded by this barrier, while simultaneously a drift velocity in the ~E × ~B direction is induced by
the perpendicular fields. As a result, the electrons become locked in (almost) closed azimuthal ~E× ~B
drifts (hence the annular shape of a HET discharge channel). The ~E× ~B, or Hall, electron current
far exceeds the conventional electron current in the direction of the electric field. These closed drifts
strongly ionise propellant throughout the thruster volume through electron bombardment. Owing
to the reduced electron mobility in the direction of the electric field, ions become the principal
charge carriers within the magnetic field barrier region, and are accelerated away from the anode
electrostatically. At the thruster exit, the ions are neutralised by electrons from the cathode,
forming a plasma exhaust [2, 6, 43–45].
The hollow cathode neutraliser plays a key role in the operation of a HET. A schematic of
a typical hollow cathode is displayed in Figure 2.2. A hollow cathode produces electrons using
a thermionically emissive ‘insert’ (generally made of Barium Oxide or Lanthanum Hexaboride),
which is heated by a surrounding heater element. Propellant is fed through the centre of the insert,
and becomes ionised by the thermionic electrons to form a plasma - the insert is very susceptible
to chemical attack, so only inert gases can be used. Of all the non-radioactive noble gases, Xenon
has the lowest ionisation energy as well as the greatest storage density, and is therefore the most
favourable propellant for a HET. At a critical temperature of the insert, a direct current, which
further heats the insert, can be drawn between the insert surface in contact with the plasma and a
downstream ‘keeper’ electrode, allowing the heater to be turned off. Electrons can then be drawn
from the keeper discharge to the thruster anode, to which several hundred Volts are typically
applied relative to the insert. At sufficiently high thruster powers the current from the anode to
the insert alone is sufficient to keep the insert at the critical temperature for the discharge to be
sustained, and the keeper can be switched off.
HETs have historically developed in two families of device - magnetic layer thrusters and anode
layer thrusters, or respectively the Stationary Plasma Thruster (SPT) and Thruster with Anode
Layer (TAL). The SPT is the most studied and most successful in terms of flight heritage. Figure
2.3 displays a comparison of the two HET families. The fundamental differences between the
two (there are many subtle differences in plasma behaviour, which will not be covered in detail
here) are the lengths over which ions are accelerated and the discharge channel wall materials.
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Figure 2.2: Schematic of a typical hollow cathode [6].
Magnetic layer thrusters have an extended region of ion acceleration and discharge channel walls
constructed from the ceramic material Boron Nitride. When bombarded with primary electrons in
the plasma, Boron Nitride emits high quantities of secondary electrons, helping to moderate electron
temperature and sustain the discharge over the long channel length. It also acts as an effective
thermal insulator between the plasma and the thruster body. Anode layer thrusters accelerate ions
over a short distance and have conductive walls [43]. The remaining features of both thrusters are
qualitatatively similar.
Figure 2.3: Schematics of magnetic layer HET (left) and anode layer HET (right) [43].
Experiments on HETs are carried out in high vacuum to reproduce flight conditions as closely
as possible. Pressures are often quoted in torr, a historical unit linked to mmHg - atmospheric
pressure is 760 torr. The typical pressure in LEO ranges from 5 × 10−8 torr to 10−10 torr [46].
However, vacuum chambers always have leaks and outgassing, and typical pressures for ground
testing are several orders of magnitude higher than in space. Deviations in thruster operation
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from what would be expected in flight due to the testing environment of a vacuum chamber are
broadly referred to as facility effects - these include effects due to, for example, background gases
in the vacuum chamber and the interaction of the thruster plume with the vacuum chamber walls.
These effects must be characterised in order to build confidence that the performance measured
in a vacuum facility is representative of performance that might be expected in flight (see Section
2.2.3).
A HET is typically operated first by turning on the cathode before running propellant through
the anode. Standard cubic centimetres per minute, sccm, is the typical unit used for volumetric
flow rates in EP literature - it must be quoted with a designation of the propellant used to allow
conversion to a mass flow rate. For Xenon, there is a convenient conversion factor of 10 sccm
Xe ≈ 1 mgs−1. A typical HET of the SPT-100 variety at the kW power level operates at a
flow rate of approximately 2 sccm Xe cathode flow and 50 sccm Xe anode flow [11]. With the
cathode operational, a glow discharge between the anode and cathode can then be ignited before
the magnetic field is applied, or alternatively the discharge can be started across the magnetic
field. A HET is usually operated in a voltage-limited mode (giving constant specific impulse, with
discharge current and thrust allowed to oscillate freely) with a typical discharge voltage of several
hundred V between the anode and cathode. Historically, HETs have been operated in laboratories
using heavy metals such as Mercury and Bismuth and the noble gases Argon, Krypton and Xenon,
but the vast majority of flight thrusters have operated on Xenon. An increasing number of groups
are investigating the use of Iodine as an alternative propellant to Xenon, but difficulties in ground
testing and the potential for adverse spacecraft interactions may limit widespread adoption. Other
more advanced configurations of HETs exist but will not be discussed here e.g. magnetically-
shielded, wall-less, nested and two-stage [2, 6, 43, 45].
The total efficiency of a HET can be subdivided into several parameters which can be separately
assessed (although they are mostly interdependent). Propellant utilisation is a measure of the
degree of ionisation, and is defined by the ion current divided by the input mass flow rate equivalent
current of singly charged ions. Current utilisation is a measure of the balance between ion current
(corresponding to thrust) and electron current (losses due to cross-field transport), and is defined
as the ratio of the ion current to the discharge current. Voltage utilisation is a measure of efficiency
of ion acceleration, and is defined by the accelerating potential difference divided by the discharge
voltage. Other metrics of efficiency include the Hall parameter (Hall current divided by cross-field
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current), fractions of multiply charged ions, plume divergence and the spread in ion velocities.
Contributions to HET performance are discussed in the following sections.
2.1.2 Ionisation and acceleration
Ionisation and acceleration are intrinsically linked in a HET, and occur near the peak in radial
magnetic field strength, typically of order several hundred G (Gauss is the typical unit of magnetic
field strength used in EP literature, 1 G = 10−4 T). Over many decades of development, HET
discharge channel geometries and magnetic field topologies have been optimised such that ionisation
and acceleration occur in overlapping but spatially separate regions, with ionisation occurring
predominantly upstream of acceleration. This is desirable in order to produce a larger number of
ions at higher potential - this means that for the energy cost of each ion produced, a larger outgoing
ion kinetic energy is achieved, resulting in greater specific impulse and thrust efficiency. Ionisation
processes are controlled by the electron temperature (which is correlated to the discharge voltage),
the density of neutrals and collision cross sections. The acceleration process is determined by
the gradient of the plasma potential (the electric field). Electron temperature, plasma density and
plasma potential are all mutually dependent parameters, which makes modelling the ionisation and
acceleration processes in a HET extremely complex. The optimal mass flow rate and magnetic field
strength for given channel dimensions have historically tended to be found experimentally. Modern
numerical models of HETs are highly sophisticated, but remain incomplete due to unresolved
theoretical issues relating to instability-driven transport of electrons across the magnetic field (see
Section 2.1.4 below). High efficiency operation requires the propellant to be maximally ionised -
this typically occurs at discharge voltages around 200 V, corresponding to a constant current region
in the I −V (Current-Voltage) characteristic curve of the thruster, as shown in Figure 2.4 [43–45].
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Figure 2.4: Typical HET I − V characteristics, indicating an optimal discharge voltage (shown
here as U∗) in the approximately constant current region, at the plateau of propellant utilisation
(shown here as Ii/Im, where Ii is the ion current and Im the equivalent singly charged ion current
for the input mass flow rate) and current utilisation (shown here as Ii/Id, where Id is the discharge
current, including ion and electron contributions) [44].
2.1.3 Plume divergence
Since ions in a HET are not accelerated purely in the axial direction, and kinetic energy imparted
to ions in the radial direction contributes nothing to thrust in the axial direction, plume divergence
must be minimised to optimise performance. Ions can also be accelerated inadvertently into the
discharge channel walls and charge-exchange with neutrals in the discharge channel and plume,
causing erosion of the thruster and cathode surfaces and limiting lifetime. In a HET, the magnetic
field lines are approximately equipotentials, and so optimisation of the shape of the magnetic field
topology to focus ions acts to minimise so-called ‘cosine losses’ in the thruster plume and helps to
extend the thruster lifetime [45].
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2.1.4 Electron cross-field transport
The discharge current in a HET is the sum of ion and electron currents - since the ion current
corresponds to thrust, it is desirable to minimise electron current and maximise ion current to
maximise thrust at a given power. Some electron cross-field transport is required to sustain the
discharge, but lower electron cross-field transport generally results in higher efficiency at a given
power, since more of the discharge current is then contained in ion current. Minimising cross-field
transport is achieved through optimisation of the magnetic field to maximally confine electrons,
although this is complicated by a large number of effects. The so-called classical mechanism of
diffusion of electrons across magnetic field lines is via collisions - electrons undergoing collisions
with neutrals or the discharge channel walls can skip across magnetic field lines. Diffusion across
the field is enhanced non-classically at the discharge channel walls by sheath effects mediated by
surface roughness, which is difficult to quantify, but is often the dominant mechanism of cross-field
transport in an SPT. In addition, so-called ‘anomalous transport’ is the term used to describe
transport which cannot be accounted for through the combination of classical and wall diffusion.
It is thought to be linked to the many oscillatory phenomena existing in a HET discharge, which
range over frequenices spanning 1 kHz to tens of MHz [47]. These wave modes provide complex
and non-linear ways to impart energy to electrons, allowing them to traverse magnetic field lines.
Examples include:
 Low frequency (10-20 kHz) axial ionisation oscillations (‘breathing mode’) due to the periodic
ionization of the atom flux in the region of large magnetic field
 Azimuthal low frequency ionisation oscillations, also called ‘rotating spokes’ in the kHz range
 Axial oscillations in the 100-500 kHz frequency range correlated to ion transit time across
the discharge channel
 Azimuthal, small wavelength oscillations in the 1-10 MHz range, called ~E × ~B electron drift
instabilities
The mechanisms underlying anomalous transport remain unexplained, although recent progress
has been made in linking it to azimuthal ~E × ~B drift instabilities [43–45, 48].
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2.1.5 HET scaling
There remains no complete predictive model of HET performance with varying size, power and
magnetic field topology, as a result of the incomplete understanding of the HET discharge. However,
there have been many empirical studies of HET scaling, as well as some general rules of thumb
motivated by the basic physics. Broadly speaking, the discharge channel dimensions (length, mean
diameter, width) scale proportional to the discharge power to maintain constant thrust density and
the radial magnetic field strength scales inversely proportional to the discharge power to maintain
a constant electron gyroradius to channel width ratio [2, 43–45, 49–53].
The problems inherent to downscaling conventional HET designs arise through two main factors:
the increase in the ratio of the discharge channel wall area to the volume of the plasma with
decreasing size, and difficulties in producing higher magnetic fields in smaller volumes. Increasing
surface area to volume ratio with decreasing size leads to a greater fraction of particles in the
plasma impacting the thruster walls. Proportionally more energy is therefore expended in heating
the thruster walls than in ionisation, and also electron transport to the anode is comparatively
increased owing to the role of wall interactions in electron cross-field transport - both effects result
in reduced thrust efficiency. The increased magnetic field strength required with decreasing channel
size presents problems of saturation of narrow magnetic circuit components and overheating of
electromagnet coils [49–51].
2.1.6 Motivation for Cusped Field Thrusters (CFTs)
In attempting to address the issues encountered in scaling down HETs and optimising performance
at lower powers, a variety of Cusped Field Thrusters (CFTs) have been proposed and studied since
the early 2000s, which utilise desirable features of HETs but introduce alternative cusped magnetic
field topologies and discharge channel geometries. Examples of CFTs include the Cylindrical Hall
Thruster (CHT) (which is most similar to the Halo thruster and is covered in greater detail in
Section 2.1.7 below) [51], the Thales Electron Devices (Germany) High Efficiency Multistage Plasma
Thruster (HEMPT) [54, 55], the Massachusetts Institute of Technology (MA, USA) Diverging
Cusped Field Thruster (DCFT) [56, 57], the Stanford University (CA, USA) Cylindrical Cusped
Field Thruster (CCFT) [58–60] and the Harbin Institute of Technology (China) Multi-Cusped
Field Thruster (MCFT) [61–63]. The Technion-Israel Institute of Technology (Israel) Co-Axial
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(a) Cylindrical Hall Thruster (CHT) [51].
(b) High Efficiency Multistage Plasma Thruster
(HEMPT) [54, 55].
(c) Diverging Cusped Field Thruster (DCFT) [56,
57].
(d) Multi-Cusped Field Thruster (MCFT) [61–63].
Figure 2.5: Selection of CFT schematics.
Magneto-Isolated Longitudinal Anode (CAMILA) Hall thruster [64–66] also employs cusp features
in its magnetic field topology but is much closer to a standard annular HET in its design than to
CFTs. Figure 2.5 displays a selection of CFT schematics.
The motivation for the use of cusps in scaling down the HET is two-fold. Cusped fields allow
relatively high radial magnetic field barriers to be produced in a small volume, and also can be
used to increase plasma confinement away from the thruster walls. Magnetically confined plasma
is hotter and more dense than plasma in contact with walls, since less energy is lost to the walls.
This means (in theory) that the energy efficiency of plasma production is greater, wall conductivity
of electrons across the magnetic field is reduced, and lifetime is increased.
Cusps confine plasma through the ‘magnetic mirror’ effect. Magnetised particles (gyrating
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around magnetic field lines, such that the gyroradius is much less than the length scale of the
plasma, re  L, see Appendix A) incident on an increasing magnetic field (converging field lines)
experience a force opposing their motion, which can be explained as follows. As a magnetised
particle encounters increasing magnetic field strength, the particle’s gyroradius decreases. In or-
der to conserve angular momentum, the particle’s velocity in the radial direction must therefore
increase. Since the kinetic energy of the particle is conserved (magnetic fields do no work), in
order for kinetic energy in the direction perpendicular to the magnetic field to increase, the kinetic
energy in the direction parallel to the magnetic field must decrease. At the point that the particle’s
parallel kinetic energy is equal to zero, the particle is reflected [67]. In a thruster, only the electrons
are magnetised and directly confined by cusps, but ions are also indirectly confined through the
requirement of quasi-neutrality. Plasma can be confined in this way by cusp magnetic mirrors on all
sides - cusps were first used in EP devices with GIT DC ion sources to improve plasma confinement
and increase thrust efficiency by reducing the energy cost per ion produced by the source [6].
In a CFT, cusps are usually configured to produce regions of high radial magnetic field strength,
with the strength increasing moving radially outwards towards the thruster walls (see Figure 2.5).
When plasma is formed in a cusp region and an electric field is applied in the axial direction, the
strong radial field results in closed electron drifts in the azimuthal direction, allowing ions to be
accelerated, as in a HET. The discharge channel geometry is also modified from a HET to reduce
the surface area to volume ratio - the central magnet pole of the HET is either heavily recessed or
removed completely to create more cylindrical geometries as opposed to annular.
2.1.7 Cylindrical Hall Thruster (CHT)
The CHT was first proposed in 2001 at the Princeton Plasma Physics Laboratory (PPPL, NJ,
USA) [51], and has since been the subject of numerous experimental and numerical studies by
PPPL and collaborators [68–83], the University of Osaka/Osaka Institute of Technology (OIT,
Japan) [84, 85], the Korea Advanced Institute of Science and Technology (KAIST, Republic of
Korea) and collaborators [86–88] and the Harbin Institute of Technology (HIT, China) [89–91].
The central pole of the CHT magnetic circuit is recessed compared to the conventional annu-
lar HET, creating a (partially) cylindrical discharge channel geometry. The original PPPL CHT
prototype shown in Figure 2.5a and Figure 2.6a had a channel diameter of 9 cm and was split
into annular and cylindrical sections. The annular section contained a radial magnetic field of
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approximately 100 G similar to that in a HET, while the cylindrical section contained a cusp with
a peak radial magnetic field of approximately 80 G. Floating emissive probe measurements of the
thruster found that the potential drop occurred mainly in the cylindrical part of the channel, and
had a considerable radial component (see Figure 2.6b) [51].
(a) Photograph of thruster.
(b) Plasma potential profiles.
Figure 2.6: PPPL 9 cm Cylindrical Hall Thruster [51].
Subsequent studies at PPPL focused on a 2.6 cm diameter CHT (and later a 3 cm diameter
thruster), shown in Figure 2.7a, which was more suited to operation at low power. The performance
of this thruster compared favourably with an annular HET of similar dimensions, producing 3-6 mN
thrust, 1100-1650 s anode specific impulse and 20-27% anode thrust efficiency over input powers
of 90-185 W and 3-4 sccm Xenon anode flow rate [68, 71]. Investigations at PPPL, OIT, KAIST
and HIT found fundamental differences to HETs in the physics of operation, which are described
below.
Electric probe measurements in the discharge channel of the PPPL 2.6 cm CHT revealed that the
potential drop occurs predominantly in the cylindrical part of the channel and in the plume, despite
the maximum radial magnetic field occurring in the annular part of the channel. A peak in electron
temperature, corresponding to the location of the steepest axial potential drop, was observed to
occur near the transition from annular to cylindrical geometry. A significant radial component to
the electric field meant that ion acceleration was expected to occur away from the thruster walls.
This would act to increase the lifetime of the thruster relative to HETs of comparable size. A peak
in plasma density of order 1018 m−3 was observed on the central axis of the thruster, while the
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(a) Photograph of thruster.
(b) ‘Cusp’ and ‘direct’ magnetic field configurations
of CHT.
Figure 2.7: PPPL 2.6 cm Cylindrical Hall Thruster [92].
density in the annular part of the thruster and near the channel walls was on order 1017 m−3 [70].
An early PPPL study found that propellant utilisation is greater in a CHT than in an annular
HET of comparable size, exceeding unity under certain conditions and allowing operation at lower
flow rates and voltages. This implies the production of high quantities of multiply charged ions [69].
This conclusion was supported by a similar study at KAIST, which looked in detail at the plume
compositions of a 5 cm diameter CHT and a similarly sized annular HET [88]. The high propellant
utilisation has been attributed to the converging ion beams in the thruster - a raised plasma
potential on the central axis due to the high ion density may act to increase the residence time of
slow ions through reflection back towards the anode [92]. A similar effect was observed in clusters of
HETs, where converging ion beams resulted in backflowing of slow ions [93]. The increased residence
time, combined with the axial confinement of electrons in a so-called ‘magnetoelectrostatic trap’
between the electric field and central magnetic mirror, may result in increased ionisation. It was
found in another KAIST study that increasing the length of the cylindrical part of the channel leads
to increases in propellant utilisation and hence thrust efficiency, which was attributed to greater
residence time of slow ions with increasing length and hence larger fractions of multiply charged
ions [86]. However, despite the evidence presented in the literature, the existence of a potential
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well that acts to confine slow ions along the central axis has yet to be conclusively shown through
plasma measurements.
Numerical simulations and later experiments found that the contribution of electron-wall colli-
sions to cross-field transport in a CHT is negligible, unlike in a HET. Electron cross-field transport
in the CHT appears to be suppressed to a greater extent with the magnetic field in the so-called
‘direct’ configuration, where there is no radial cusp in the cylindrical part of the channel, than in
the original cusp configuration. Figure 2.7b displays the difference between the two magnetic field
topologies [72]. It was later found that up to 50% of current in a CHT is contained in a rotating
spoke (a general feature observed in ~E × ~B plasmas) in the frequency range 15-35 kHz, which
occupies a quarter of the discharge channel volume. The spoke is implicated in enhancing electron
cross-field transport [79, 81].
The plume divergence of the CHT can be reduced to be comparable to an annular HET through
optimisation of the magnetic field topology, and is lowest in the direct magnetic field configuration
[88, 92, 94]. This was a surprising result, as the radial component of the field is greater in the cusp
configuration. The anomalously low plume divergence of optimised CHTs, which have strong axial
magnetic field components, can be theoretically explained by two effects that result in the magnetic
field lines not being equipotentials, which is often assumed to be the case in a HET. The first effect
is due to the centrifugal acceleration of electrons in closed ~E × ~B drifts, resulting in an additional
electric field component parallel to the magnetic field, which acts to reduce the radial component
of ion acceleration. The second effect is due to an induced axial magnetic field associated with the
Hall current - this induced axial field acts to make the total field more radial, resulting in a reduced
plume divergence [80].
As a result of the high axial mobility of electrons along the central axis of the CHT, it appears
that the cathode properties can have a significant influence on the discharge. Performance can
be enhanced considerably by increasing the cathode emission (through running a higher keeper
current than necessary to sustain the discharge), and it has been shown that the plume divergence
and electron cross-field transport can both be reduced with increasing cathode emission. Increased
electron emission from the cathode appears to reduce the amplitude of low frequency oscillations
(including the rotating spoke), as the current becomes limited only by electron cross-field transport
and not by the electron source [73–75, 79, 81].
More recent studies have shown potential routes to further optimisation of the CHT. It was
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shown first by a study at OIT [84] and later confirmed at PPPL [77] and KAIST [87] that a Fully
Cylindrical Hall Thruster (FCHT), in which the anode is brought up to the end of the annular
part of the channel to produce a purely cylindrical channel geometry, results in improvements
in specific impulse and thrust efficiency. This is thought to be due to the combined effects of
raising the potential of the high density region by bringing the anode closer, and by reducing wall
and voltage losses in the annular region which appears to contribute little to performance. CHTs
constructed using permanent magnets have been investigated in attempting to improve the total
thrust efficiency by eliminating electromagnet power consumption [76, 78, 85]. Recent work at HIT
has shown that increasing the radial position of the propellant gas inlet of an FCHT can have a
positive effect on performance, as can reducing the magnetic field strength close to the anode. It
was suggested that both of these effects result in increased proximity of the ionisation region to the
anode [89, 90]. A new CHT concept which employs a so-called ‘magnetically insulated’ anode, for
which the radial magnetic field decreases from its maximum to zero near the anode, was shown to
improve performance relative to a conventional CHT magnetic field, which increases monotonically
with increasing proximity to the anode [91].
In addition to investigations of the fundamental features of CHTs, some studies have also been
conducted which consider at system-level the integration of CHTs into microsatellite architectures
- flight models of existing CHT designs appear to be feasible for use on small satellites of greater
than 100 kg total mass, but further downscaling is required for use on microsatellites [29, 95].
It appears that development of the CHT, despite its initial formulation with a radial cusp giving
rise to a variety of other CFT concepts, is now focused more on other advantages of the magnetic
field topology. The direct configuration CHT mechanism is very different to that of CFTs, with
acceleration occuring internal to the discharge channel towards the central axis, rather than at the
radial cusp at the channel exit away from the central axis, which is observed in CFTs [55, 56, 59–61].
44
2.2 Performance characterisation
2.2.1 Overview of thrust measurement techniques
All primary figures of merit for a thruster’s performance can be derived from measurement of
thrust, F , and the input mass flow rate and electrical power. Depending on the values of the mass
flow rate, m˙, and input power, P , used, Isp and η values can be calculated either for the total
system (incorporating the cathode flow rate and input power for the cathode and electromagnet
coils) or for the anode discharge alone. Anode Isp and η are often quoted for laboratory model
thrusters which do not have optimised magnetic circuits or cathodes, as it allows some of the
dependence of performance on a specific experimental setup to be factored out. However, beyond
early characterisation of a thruster concept, total Isp and η are the quantities of interest. A thruster
which has high quoted anode performance but requires significant additional power and mass flow
for electromagnets and cathodes is not a realistic proposition for flight.
A wide range of experimental techniques exists to measure different levels of thrust for EP devices,
ranging in magnitude from over 1 N to less than 1 µN, for pulsed and steady state operation. In
general, the displacement of a mechanical system is measured in order to infer the force, although
some systems measure the counter-force required to prevent displacement. Thrust measurement
techniques can be broadly classified according to whether thrust is measured directly or indirectly,
the type of mechanical system used as a thrust balance/stand and the method of displacement
measurement.
Direct thrust measurements involve mounting of a thruster onto the measurement apparatus, to
measure the reaction force imparted to the device during operation. Indirect thrust measurements
measure the momentum of the exhaust plume to infer thrust, for example by using a baﬄe plate
placed downstream of a thruster. Each approach has advantages and disadvantages, although direct
measurements are generally considered more accurate. Devices such as Faraday probes or retarding
potential analysers (see Section 2.3.1) can also be used to estimate the total plume momentum by
integrating over all ion energies and solid angles, although in practice this approach is limited in
accuracy by interactions of the plume with the vacuum facility. Contact with the grounded vacuum
chamber walls can influence the plasma potential distribution in the plume, and charge exchange
collisions between fast ions and background neutral gas in the chamber are a primary source of
error in measurement of the ion energy distribution [6].
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Error sources associated with direct thrust measurement arise from the mechanical interaction of
a thruster with the apparatus. Operation of a thruster mounted to a thrust balance leads to changes
in mechanical properties of flexing components due to heating, while gas or electrical connections
tend to have frictional damping effects, affecting calibration in a non-linear fashion. In some cases,
considerable efforts have been made to reduce unwanted damping effects, such as the use of liquid
gallium to deliver power to a thruster in order to remove solid wire connections, or the mounting
of the entire apparatus to a single feedthrough with vacuum bellows so that cables could be run
through a pendulum arm [96, 97]. Transient forces on gas lines due to injection/ceasing of flow
and Lorentz forces on electrical lines due to switching on/off current in the presence of a magnetic
field can also influence the determination of the zero line of a balance, and become important at
low levels of thrust.
Indirect measurements avoid these difficulties by decoupling the thruster from the measurement
apparatus, but suffer from other difficulties in measurement of exhaust momentum. Species in the
exhaust plume can collide with a baﬄe plate elastically or inelastically, can miss the plate entirely,
or even reflect from the vacuum vessel walls and impart a thrust in the negative sense to the plate.
A downstream plate in a thruster plume may also alter thrust by perturbing the plasma [96]. For
µN levels of thrust, however, errors associated with direct measurement that cannot be reduced
without considerable expense may make indirect measurement more attractive from a practical
viewpoint [98].
Both direct and indirect thrust measurements share issues related to temperature change during
a prolonged experiment, such as inconsistent calibration and drifting of the zero-point of the ap-
paratus. If necessary these issues can be addressed with carefully designed thermal management
and damping systems [99, 100]. Additional mechanical sources of error include wear on flexing
components and vibrations introduced by the vacuum facility, which can be neglected for large
thrust values but become important at very low thrust levels [101, 102].
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2.2.2 Thrust balances
A thrust balance is a mechanical system used to measure an unknown thrust by measurement
of displacement, calibrated using known forces. The field of thrust balance design is extremely
diverse, as a result of research groups tending to develop bespoke apparatus in-house with specific
application to a given class of EP device. However, designs can in general be separated into three
broad categories of mechanical system: the hanging pendulum, inverted pendulum and torsional
pendulum.
A hanging pendulum thrust balance offers a simple and stable system which is robust to noise.
However, as a consequence of this stability, large displacements (and hence higher sensitivity) can
only be achieved with long pendulum arms, which can be impractical for small facilities. The
inverted pendulum has the opposite characteristics - the fundamentally unstable nature of the
system lends itself to higher sensitivity and a more compact setup, but also a higher vulnerability
to certain sources of error. For example, the calibration of an inverted pendulum stand is more
prone to drift during an experiment, as the stiffness of flexing components varies as a result of
increasing temperature [97].
Torsional thrust stands measure rotational motion rather than linear translation. This allows
greater sensitivity by removing the dependence of the measurement on the thruster mass, at a cost
of a more complicated mechanical configuration and limitations on the magnitude of thrust that
can practically be measured. Torsional balances have been most effectively used in measurements
of µN levels of thrust and pulsed thrusts [102, 103].
Many derivatives of these basic thrust balance concepts have been developed, with the aim usually
being increased accuracy in a narrow area of application. Examples include the amplification of
motion via mechanical linkages, a balance allowing vertical mounting of a thruster and a two-
dimensional balance for measurement of thrust vectoring capability [97, 99, 104].
For a given thrust measurement setup, many ways exist to measure the displacement output. The
requirements for a displacement sensor are high sensitivity to small changes in distance, reliable
calibration and resilience to sources of noise introduced by the facility or proximity to plasma.
Examples include Linear Variable Differential Transformers (LVDTs), laser interferometers, laser
and fibre optic linear displacement sensors and strain gauges. Non-contact sensors tend to be more
accurate, as a result of eliminating perturbations to the mechanical system due to the sensor [105].
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2.2.3 Facility effects
A measured value of thrust, excluding the sources of error associated with the thrust balance,
is influenced not only by the intrinsic properties of the anode discharge, but also by extrinsic
variables related to the environment in which the thruster is operated. An inexhaustive list of
factors contributing to measured thrust is as follows:
 Intrinsic
– Anode flow rate
– Magnetic field strength (or electromagnet coil current)
– Anode voltage
 Extrinsic
– Background pressure
– Floating potentials of cathode, thruster chassis and thrust balance
– Keeper voltage
– Cathode emission (related to flow rate and insert temperature)
– Sputter yields from thruster and chamber walls
It is important to identify, and if possible quantify, extrinsic contributions to thrust measurement,
since they can in certain cases have considerable effects on measured performance.
The extrinsic variable of greatest concern is the background pressure within the vacuum vessel.
Operating a HET (or similarly a CFT) within a vacuum chamber results in interactions with
the facility that alter performance and lifetime compared to operation in space, with re-ingestion
of propellant by the thruster being the most significant source of discrepancy for performance
measurements. ‘Facility effects’ in HET literature often refers to background pressure effects alone.
The additional mass flow rate into the thruster due to propellant ingestion, m˙bp, at a given
background pressure, pbkg, and neutral gas temperature, Tn, is often estimated using the simplifying
assumption of one-way flux of neutral gas into the discharge channel:
m˙bp = pbkgS
√
mi
2pikBTn
(2.1)
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where mi is the atomic mass of the propellant and S is the cross-sectional area of the discharge
channel [106]. For the 5 cm channel diameter EE-Halo thruster, operating on Xenon propellant
in the SSC Pegasus vacuum chamber (which has the greatest background pressure of the facilities
used, see Section 3.1.4), m˙bp is calculated using Equation 2.1 to be around 1 sccm (using assumed
values of pbkg = 10
−4 torr and Tn = 300 K), which is a non-negligible proportion of the total flow
rate of order 10 sccm.
In general, however, the influence of background gases is significantly more complicated than
that attributable to the above calculation. It is difficult to determine with confidence the actual
pressure influencing the thruster from measurements using a remotely located pressure gauge, the
position and calibration of which results in wide differences in estimates [107]. Also, the ingestion
of neutral gas by a thruster does not simply result in an underestimate of the true mass flow rate
entering the thruster - more fundamental changes to oscillations and potential structures within the
discharge channel can be induced as a result [108]. Studies of facility effects on HETs have found
increasing, decreasing and static performance with increasing background pressure, with changes
in behaviour depending on different thruster and facility configurations [109]. It has been shown
by laser-induced fluorescence measurements of a HET that the use of Krypton as a propellant, as
opposed to Xenon, can reduce sensitivity to background pressure [110].
As a result of the current lack of complete theoretical understanding of background pressure
effects on thruster operation, it is important to characterise any effects at least empirically, espe-
cially when testing a new thruster concept. Empirical characterisation can be achieved through the
use of an auxiliary gas feed to control the background pressure, though it is also possible in larger
facilities to vary the pressure by varying the pumping speed, through turning off pumps [111]. The
latter technique is probably more appropriate, as the location of an injected gas jet relative to
pressure gauges and the thruster has a strong influence on the results, but collecting high quality
data in this way is not possible in small facilities with only one or two pumps. A new thruster
should at least be characterised in several vacuum facilities to assess the sensitivity of measured
performance to external conditions, in particular background pressure.
Over a pressure range from 10−10 torr (in flight) up to a typically recommended limit for ground
testing of 5 × 10−5 torr [106], effects on HET performance have been found by most studies to
be broadly linear with changing background pressure. Although changes occur which affect per-
formance and lifetime, qualitative behaviour such as the approximate location of ionisation and
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acceleration regions remains largely unchanged. As long as the pressure in the chamber is at least
several orders of magnitude lower than the pressure in the discharge channel, the qualitative effects
on the thruster discharge should be small.
The potentials of the cathode, the thruster chassis and the thrust balance relative to the vacuum
chamber walls, whether connected directly and grounded or connected via a high resistance and
floated, may have effects on the discharge by influencing potential structures and neutralisation
in the outgoing plume. For example, in the case where the cathode ground return is directly
connected to the chamber, ions may be neutralised by collecting electrons on impact with the
chamber walls, and not by the cathode (GITs are sometimes tested without an external cathode
in this configuration, but a cathode is essential for operating a HET discharge). This could lead to
differences in the plasma potential structure downstream of the channel exit between the different
grounding schemes, which could in turn influence measured thrust and discharge characteristics.
Electron emission from the cathode is controlled by the insert temperature, which is in turn
controlled largely by the total current to the insert (keeper plus anode). It has been shown for
CHTs and HETs that increasing keeper current results in greater performance up to a saturation
value, as a result of increased electron emission from the cathode (see Section 2.1.7) [73–75]. High
cathode flow rates will also likely increase electron emission, as well as contribute disproportionately
to propellant re-ingestion as a result of the proximity of the cathode orifice to the discharge channel
exit.
Sputtered material from the vacuum chamber walls, discharge channel, and electrodes present
within a vacuum chamber can also influence discharge properties and thrust. Measured perform-
ance can be influenced through, for example, perturbations to the plasma, coating of the discharge
channel walls with conductive material or coating of electrodes with insulating material. The influ-
ence of sputtered material on the discharge is extremely difficult to quantify, and is not considered
in further detail here [108].
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2.3 Plasma diagnostics
2.3.1 Overview of plasma diagnostic techniques
The field of plasma diagnostics is extensive, and a wide variety of techniques exists to extract
information such as electron temperature, plasma density, plasma potential, ion and electron
energy/velocity distribution functions and species fractions, both spatially and temporally re-
solved [112]. Techniques relevant to EP can very broadly be divided into categories of electric
probe diagnostics, ion beam diagnostics and spectroscopic diagnostics.
Electric probe techniques involve the insertion of a probe into a plasma and the measurement of
current to/from the probe. The interaction of a probe with plasma (via sheath structures around
the probe) allows information to be inferred about local plasma properties, but care must be taken
to minimise perturbation to the quantities being measured as a result of the probe’s presence. Table
2.1 displays an overview of electric probe techniques and the information that can be extracted.
Probe Accessible information Core advantage
Langmuir (single) [113] Te, ne/i, Vp, Vf , EEDF Access to many parameters
Double [114] Te, ne/i, Vf Reduced perturbation, RF plasmas
Triple [115] Te, ne/i, Vf No bias sweep
Quadruple [116] Te, ne/i, Vf , ui Flowing plasma measurements
Emissive [117] Vp, Vf , (Te, ne/i) Improved accuracy on Vp
Capacitive [118] Te, ne/i, EEDF Robust to probe contamination
Table 2.1: Summary of electric probe techniques, for access to electron temperature for a Max-
wellian distribution, Te, electron/ion density, ne/i, plasma potential, Vp, floating potential, Vf ,
Electron Energy Distribution Function (EEDF) and ion flow velocity, ui. The electron temperat-
ure and plasma density are accessible using an emissive probe via special techniques [119].
Ion beam diagnostics allow measurement of ion current density and the Ion Energy Distribution
Function (IEDF), which are particularly relevant for measurements of the outgoing plasma plume
of an EP device. Examples of ion beam diagnostics for EP devices include the Faraday probe,
Retarding Potential Analyser (RPA) and ~E × ~B probe [120].
Plasma properties can also be inferred from interactions with electromagnetic radiation. Emis-
sion spectroscopy involves the recording of spectra from a plasma, allowing measurement of the
relative abundances and temperatures of different species, while absorption spectroscopy measures
the reduction in energy of an applied field incident on a plasma (e.g. a laser), allowing access to
ground state abundances. Emission spectroscopy is entirely non-invasive and is less experimentally
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complex than absorption spectroscopy - the equipment can be mounted in air next to a viewing
window on a vacuum chamber [121]. Laser-induced fluorescence (LIF), in which the de-excitation of
a transition targeted by a tuned laser is detected, allows spatially and temporally resolved measure-
ments of ion density and velocity, giving a detailed picture of ionisation and acceleration processes
in a thruster [59, 60, 110, 122].
2.3.2 Ideal Langmuir probe characteristic
A primary objective of this research was to map the variation of plasma parameters internal to
the EE-Halo thruster discharge channel, in order to infer the thruster’s underlying physics and
identify routes to improvement of performance. The single Langmuir probe was selected as the
plasma diagnostic tool for this work. The use of invasive probe diagnostics was motivated by the
desire for spatially resolved measurements within the discharge channel, which cannot be easily
accomplished with emission or absorption spectroscopy. Of the invasive electric probe techniques
listed in Table 2.1, the Langmuir probe was favoured. A Langmuir probe can be planar, spherical
or cylindrical in shape. Only the cylindrical probe, as used in the present work, is described in
detail here (see Section 3.3.1 for a more detailed justification). The advantages of the Langmuir
probe can be summarised broadly as follows:
 Access to the complete range of desired plasma parameters in a single measurement
 Relatively simple to implement (electronics firmly referenced rather than floating, simple and
robust probe construction)
 Large body of literature covering interpretation of results, in HETs, CHTs and other plasmas
 High spatial resolution when mounted on a translation stage
 Existing experience and hardware available at SSC
A cylindrical Langmuir probe consists of an exposed wire tip inserted into plasma, to which a
sweep in bias voltage, Vb, is applied relative to a reference electrode (in this work the grounded
cathode neutraliser). The resulting current collected by the probe, Ip, is the sum of electron and
ion currents. Ip is conventionally positive for electron current and negative for ion current to the
probe, since collection of electrons by the probe results in a conventional current to the probe from
biasing circuitry. From the probe Ip−Vb characteristic curve, or trace, local plasma parameters can
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be inferred by making reasoned assumptions about the means of current collection (via the sheath
around the probe) and fitting model estimates to the data. At highly negative voltages the probe
is assumed to collect only ions, while at highly positive voltages the probe is assumed to collect
only electrons. The probe collects zero current when the ion and electron currents to the probe are
equal - this occurs at the floating potential, Vf . Figure 2.8 displays an idealised Langmuir probe
trace.
Figure 2.8: Idealised Langmuir probe I − V characteristic curve, or trace, indicating the ion
saturation current (Iisat, from which the ion density may be estimated), the floating potential (Vf ,
where electron and ion current contributions sum to zero), the plasma potential (Vp, above which
electrons are not repelled by the probe) and the electron saturation current (Iesat, from which the
electron density may be estimated) [123].
The shape of an ideal probe trace can be understood by considering the summed contributions of
ion and electron currents, moving from negative to positive Vb. In the following idealised description,
the following is assumed:
 The probe radius is very large compared to the Debye length, so that sheath expansion effects
are negligible and the current collection area is always just the probe surface area
 There are no collisions and no orbital motion of ions in the sheath
 The bulk plasma is unmagnetised and stationary
 The Electron Energy Distribution Function (EEDF) is Maxwellian, and there is only one
species of singly charged, positive, cold ions present
 The probe surface is clean and there is no secondary emission of electrons
 The bulk plasma parameters are constant over the bias sweep period
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At very negative values of Vb, all electrons are assumed to be repelled by the probe, leaving only
ions in the sheath to contribute to the current. The current that can be collected is limited by
space-charge effects in the sheath (via Child’s law, see Equation 1.12), so the probe is said to be
‘saturated’ with ion current in this regime, and collects the ‘ion saturation current’, Iisat. For the
ideal case of a thin sheath, the probe collection area remains equal to the probe surface area, A,
with increasingly negative bias voltage relative to the floating potential. Ions enter the sheath at
the Bohm velocity vB (see Section 2.3.3 below),
vB =
√
kBTe
mi
(2.2)
and are always collected by the probe, with no collisions or orbital motion. The measured ion
saturation current to the probe is then proportional by a factor α to the current density at the
sheath edge and to the probe surface area:
Iisat = αnievBA = αnieA
√
kBTe
mi
(2.3)
As the probe bias is increased from negative voltage to beyond the floating potential (where
ion and electron currents are equal and the probe collects zero net current), energetic electrons in
the tail of the distribution begin to reach the probe surface and contribute positive current. The
electron current at a given bias voltage in this transition region of the trace, Ietrans, is determined
by the shape of the EEDF - a Maxwellian EEDF results in an exponential increase in electron
current with increasingly positive bias voltage:
Ietrans ∝ exp
[
eVb
kBTe
]
(2.4)
The current continues to increase exponentially until the plasma potential, Vp, is reached, at
which point the probe no longer repels any electrons. At bias voltages above Vp, the large electron
current to the probe becomes space-charge limited, leading to the probe collecting the electron
saturation current, Iesat. In an ideal scenario, the knee will be sharp, as the functional dependence
of the collected electron current shifts from exponential with increasing Vb to a constant, Iesat. The
electron saturation current in an ideal case is given by the random thermal electron flux to the
probe surface:
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Iesat =
1
4
neeAc¯e =
1
4
neeA
√
8kBTe
pime
(2.5)
In reality, Ie tends to increase further with increasing Vb above Vp, with the functional dependence
determined by the specific plasma and probe properties, and the knee is rounded rather than a
sharp discontinuity [124, 125].
The procedure to extract the electron temperature, plasma density and plasma potential from
an ideal probe I−V trace is as follows. First, a fit is made to the ion saturation region based on the
assumed nature of the sheath around the probe - for an ideal thin sheath, the ion saturation region
is linear with a very small positive gradient, such as that in Figure 2.8. The ion saturation current,
Iisat, is then obtained by extrapolating the ion current fit to the floating potential (extrapolating to
the floating potential rather than to the plasma potential was found to give more accurate density
estimates in a CHT, and the difference between the two values is in any case small compared to
other experimental errors [70]). Using the extrapolated ion current, the electron current across the
whole bias sweep is obtained from subtraction of the ion current from the total current. Taking
the natural logarithm of the electron current in the exponential transition region, from Equation
2.4,
ln Ietrans =
e
kBTe
Vb + const. (2.6)
then yields the electron temperature Te from a linear fit to ln Ie against Vb in the transition region,
as demonstrated in Figure 2.9. From the same plot, the plasma potential Vp and electron saturation
current Iesat can be determined simultaneously from the knee of the trace, defined either by finding
the point of intersection between linear fits to the transition region and electron saturation region,
or alternatively the inflection point of the trace (the maximum first derivative).
An estimate for the plasma density ne can then be calculated by substituting the measured values
of Te and Iesat into Equation 2.5, or alternatively, since the plasma is quasi-neutral (ne = ni), by
substituting Te and Iisat into Equation 2.3. The latter technique is usually more suitable, as
the electron saturation current occurs close to a region of exponential current increase which can
magnify experimental errors. Ion saturation current is also generally unaffected by magnetic fields,
unlike electron saturation current (see Section 2.3.5 below) [124, 125].
The treatment described above is sufficient in most cases for inferring qualitative behaviour of
55
Figure 2.9: Idealised Langmuir probe trace plotted on a semi-logarithmic scale, demonstrating the
difference between the trace before (Ie(raw)) and after (Ie) subtraction of the ion current [124].
plasma parameters using a Langmuir probe, provided care is taken to correctly size the probe.
There are many effects that can in certain cases change the shape of the trace away from the ideal
case and lead to errors in the determination of plasma parameters. An overview of these effects is
given in the following sections. The procedure followed in the present thesis broadly follows the
theory described above, and is described in detail in Section 3.3.1. For comprehensive reviews of
Langmuir probe theories and applications, see for example Ref.s [124, 126–129].
2.3.3 Sheath structure around a probe in the ion collection regime
Under certain plasma conditions, the thin sheath approximation, that sheath size does not change
rapidly as a function of probe bias voltage, is not always appropriate. The details of sheath
structure in the ion collection regime in general have a strong influence on the measured probe
I−V characteristic, and a large body of literature exists covering various theories of ion collection,
using different assumptions for the nature of the sheath. In some cases using an inappropriate
model of ion collection to interpret the raw probe data can lead to significant inaccuracies in the
determination of plasma density, and can also affect inferences from the rest of the trace due to
subtraction of the extrapolated ion current from the total current.
The sheath structure around a probe is typically divided into several distinct regions, shown
in Figure 2.10, which are conceptually useful if not strictly accurate - in reality the potential and
densities of ions and electrons clearly vary smoothly from the bulk plasma down to the probe surface.
Close to the probe, in the so-called Child-Langmuir sheath, all electrons are repelled and ions are
accelerated along a steep potential drop towards the probe, with their density limited by space-
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charge effects. With increasing distance from the probe, an exponentially (assuming Maxwellian
electrons) increasing number of electrons in the tail of the distribution can penetrate the Debye
sheath, on a length scale of the Debye length, λD. At the ‘sheath edge’ (in inverted commas since
there is no distinct boundary between the bulk plasma and the sheath), several Debye lengths from
the probe surface, there is essentially quasi-neutrality. Electrons can move across the sheath edge
in both directions, while all ions incident on the sheath edge are eventually lost to the probe - the
resulting charge imbalance requires the existence of a ‘presheath’ which extends far into the bulk
plasma, on a length scale of the ion mean free path λi. The presheath gradually accelerates ions
towards the probe, up to the Bohm velocity of Equation 2.2 at the sheath edge [112, 124, 130].
Vp
Vf
ProbeC.L.Debye sheathPresheath
∼ λi ∼ nλD
Plasma
V
“Sheath edge”
Figure 2.10: Generic one-dimensional sheath structure adjacent to an infinite plane probe, indic-
ating the presheath, Debye sheath and Child Langmuir (C.L.) sheath and length scales [124].
The collection of ions by a real cylindrical probe with a non-negligible sheath size can be affected
by several phenomena. A review of the following effects is given in Appendix D:
 Orbital motion of ions in the sheath, described by Orbital Motion Limit (OML) theory
 Sheath expansion effects, described by Allen-Boyd-Reynolds (ABR) theory
 Orbital motion and sheath expansion combined, described by Bernstein-Rabinowitz-Laframboise
(BRL) theory
 Ion-neutral collisions in the sheath
The importance of these effects depends on the probe radius, rp, to Debye length ratio, ξp =
rp/λD, and the ion Knudsen number Ki = λi/λD in the case of collisions. Knowledge of both of
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these quantities requires prior knowledge of the plasma parameters to be measured. There is no
complete theory of ion collection by a Langmuir probe which takes into account all effects likely to
be present in a real plasma, and the utility of the probe theories discussed in Appendix D tends to
be limited to the determination of qualitative trends, except in plasmas intended for testing probe
theories [131, 132]. In this work, the thin sheath approximation described in Section 2.3.2 was used
to obtain trends in plasma density across the discharge channel - estimated uncertainties due to
this approach are discussed in Section 3.3.7.
2.3.4 Deviation from Maxwellian electron distribution
A Maxwellian electron distribution is probably the most common assumption made in the ana-
lysis of probe I − V characteristics. The concept of ‘electron temperature’ implicitly assumes a
Maxwellian distribution, and obtaining it from a straight line fit to the electron current on a semi-
logarithmic plot is a near-universal probe technique. The assumption also enters into all the ion
collection theories described in Appendix D in determining the structure of the sheath. Unfortu-
nately, in real laboratory plasmas, it is becoming increasingly apparent that this assumption is not
always justified. The EEDF is in general determined by a number of factors [133]:
 Collisions (Coulomb interactions) between electrons
 The movement of electrons in an electric field
 Elastic and inelastic collisions of electrons with other particles
 Processes in which an electron is either added or removed from the system
The Maxwellian EEDF assumption is justified if electron-electron collisions occur on a shorter
timescale than the other processes listed. In some plasmas the assumption of a Maxwellian dis-
tribution is not strictly justified, which means that the ion collection theories listed above and in
Appendix D are not strictly appropriate. In the case of a bi-Maxwellian distribution, a modified
ABR model has been suggested which numerically solves the Poisson equation using the correct
EEDF in order to determine the sheath structure around a cylindrical probe, but this requires a-
priori knowledge of the EEDF [134]. In order to formulate a more general Langmuir probe theory,
kinetic corrections to the Maxwellian distribution might be used [135]. However, it would seem
that the most reliable way to determine the plasma density and the ‘effective’ electron temperature
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(the average energy of the distribution), with minimal assumptions, is through integration of the
directly measured EEDF.
Fortunately, the EEDF can be accessed using a Langmuir probe from the second derivative of
the probe characteristic using the Druyvesteyn method [136]. It is then simple in principle to
obtain the EEDF and integrate it, but an accurate measurement requires very low noise (owing
to the need for numerical double differentiation), particularly near the plasma potential, and also
requires special considerations for the experimental setup in comparison to a standard Langmuir
probe technique. As a result, only in recent years have these techniques begun to reach maturity
owing to advances in noise suppression in hardware and software. In practice, it is usually the
Electron Energy Probability Function (EEPF), which is related to the EEDF by a factor of the
square root of the electron energy, which is obtained and integrated rather than the EEDF itself
- a Maxwellian EEPF results in a near straight line when plotted semi-logarithmically, as can be
seen in Figure 2.11 [129, 137].
Figure 2.11: Example of an experimentally obtained EEPF for an Argon inductively coupled
RF plasma, showing increasingly Maxwellian distributions (linear EEPF on semi-log plot) with
increasing power [129].
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2.3.5 Magnetic fields
Magnetic fields result in curvature of charged particle trajectories, and so distort the sheath and
the probe I−V characteristic. Except for the case of exceptionally strong magnetic fields, ions are
generally not magnetised in laboratory plasmas, and so magnetic field effects are usually assumed
to be negligible in interpretation of the ion collection part of the trace [138]. The effects of magnetic
fields on interpretation of the electron part of the trace can be characterised by considering the size
of the probe radius relative to the electron gyroradius, re = meve/eB, as demonstrated in Figure
2.12. When the probe radius is smaller than the gyroradius, the curvature of an electron trajectory
can be neglected to good approximation, and unmagnetised probe theory can be employed. When
the probe radius is larger than the gyroradius, particle trajectories are helical or cycloidal, and the
current collected by the probe is suppressed compared to the unmagnetised case [138, 139].
rp
re  rp
re  rp
Figure 2.12: Effect of magnetic field parallel to probe on electron trajectories in the sheath for
rp  re and rp  re.
When the effects of a magnetic field are significant, the collection of electrons is suppressed
in the transition and electron saturation regions of the trace, with the effect become increasingly
pronounced at higher probe voltages close to the plasma potential, where lower energy electrons are
collected [138–140]. In addition, the direction of the magnetic field relative to the probe becomes
important - magnetic field lines parallel to the probe suppress the electron current to the probe
to a greater extent than magnetic field lines perpendicular to the probe. The plasma properties
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sampled by the probe tend to be averages over the magnetic flux tubes intersecting the probe. An
additional effect in a magnetised plasma is anisotropy of the EEDF, which occurs if the pressure in
the discharge is too low to randomise electron velocities through collisions on the length scale of the
probe. If the ratio of the magnetic field strength to the pressure is too high (Aikawa [141] suggested
B/p < 2.5 × 106 G/torr for EEDF isotropy, which is satisfied in a HET or similar plasmas), the
sheath will be distorted and different results will be obtained depending on the orientation of the
probe in relation to, for example, an ~E × ~B drift [138].
2.3.6 Other effects and summary
Many other effects can affect the accuracy of Langmuir probe measurements - a selection are
discussed here. In a flowing plasma, particles moving with a flow velocity in addition to random
thermal velocity contribute a disproportionate current to a collecting probe and distort the sheath.
In a thruster, this effect is most pronounced at the discharge channel exit and in the plume, where
ion velocity is greatest - ion beams result in artificial suppression of the measured electron current
at high voltages. Anomalous current collection at the end of the probe in this configuration is
often referred to as ‘end effects’. The severity of end effects can be reduced by orienting the probe
parallel to the direction of flow, so that the collecting area perpendicular to the flow velocity ui is
minimised. End effects reduce with increasing probe length to Debye length ratio and decreasing
ion flow velocity relative to the Bohm velocity. When the parameter τl as defined by Chung, Talbot
and Touryan below is much greater than one, end effects can be considered negligible [142]:
τl =
lp
λD
vB
ui
(2.7)
For long probes oriented parallel to an electric field, the different plasma potentials along the
probe length result in rounding of the knee. The probe length should be small relative to the length
scale of a potential drop, though not so small that end effects become significant at the base of the
potential drop.
Fluctuations in plasma parameters over a bias sweep period result in distortion of the probe trace
- this is particularly significant in, for example, RF plasmas, which require the use of compensating
electrodes, but time-dependent effects can also be significant in DC discharges which have large low
frequency oscillations, such as a HET [124]. In taking time-averaged measurements, the bias sweep
period should be at least several orders of magnitude greater than the plasma oscillation period, and
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ideally multiple bias sweeps should be recorded in succession to average out any time-dependency.
The trace can be further distorted as a result of material interactions of the probe with the
plasma, such as probe heating, surface contamination and secondary electron emission from the
probe and/or probe holder [124, 126, 138]. The probe should be cleaned in ion/electron saturation
between measurements, and bias sweeps performed multiple times, preferably in both senses, in
order to identify any hysteresis.
The presence of multiple ion species, and in particular negative ion species, changes the current
collected by the probe compared to the case of a single species of singly charged positive ions.
The effects of multiple ion species might be incorporated into the ABR treatment by numerically
solving the Poisson equation for the sheath accounting for the contributions of all species [134].
Three-dimensional sheath effects can also influence the current collected, such as the escape
of ions attracted radially to a probe along the probe axis due to space-charge effects, which are
induced by the axial asymmetry of the sheath around the probe and probe holder [131].
In summary, Table 2.2 lists a number of parameters to be considered in sizing a probe and
interpreting traces.
Parameter Physical importance
Probe radius to Debye length
ratio
ξp = rp/λD Ion collection regime
Ion Knudsen number Ki = λi/λD Ion-neutral collisions in the sheath
EEDF fe Sheath structure, determination of Te
Probe radius to electron
gyroradius ratio
rp/re Electron current suppression by parallel
magnetic field
Magnetic field to pressure ra-
tio
B/p EEDF anisotropy
Probe length to Debye length
ratio
lp/λD Knee rounding by parallel electric fields,
end effects, probe holder effects
Ion velocity to Bohm velocity
ratio
vi/vB End effects
Table 2.2: Parameters which determine probe sizing and validity of various probe theories.
In practice, it is not possible to capture all the above effects in the analysis of probe traces,
not least because most depend on the quantities being surveyed. In the absence of a complete
theoretical framework and complete prior knowledge of the plasma being surveyed, it is therefore
preferable in the interest of obtaining trends in plasma parameters to size a probe such that the most
simple, ideal procedure outlined in Section 2.3.2 is sufficient, while at the same time satisfying the
conditions required for mitigation of magnetic fields, end effects and probe-induced perturbations.
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Density measurements using a Langmuir probe can in general be said to be accurate to within an
order of magnitude - in seeking to measure trends in density, several methods should be used and
cross-checked, from both the ion and electron parts of the trace. On the other hand, measurements
of plasma potential and electron temperature are generally considered accurate to within roughly
20% or less (assuming a Maxwellian, isotropic EEDF, mitigated magnetic fields and end effects, and
small discharge perturbation) [127, 131, 132, 138]. A discussion of uncertainties in the experiment
conducted is given in Section 3.3.7.
2.3.7 Use of electric probes for in-channel measurements of HETs and CHTs
In designing a Langmuir probe survey experiment for the Halo thruster (see Section 3.3), several
previous studies of HETs and CHTs were referred to. A critical review of these experiments
informed the methods adopted for the present thesis and is summarised below.
Two PhD projects at the University of Michigan Plasmadynamics and Electric Propulsion Labor-
atory made use of a fast probe insertion technique to map plasma parameters in the discharge
channel and near-field region of a HET with minimal discharge perturbation. In the HETs studied,
probe shafts are rapidly ablated, resulting in probe failure and significant discharge perturbations,
and so a residence time of less than 0.1 s was required. This was achieved using a sophisticated
fast probe insertion mechanism. Haas [143] measured plasma potential using a floating emissive
probe technique, selected as it did not require a bias sweep, and electron temperature and plasma
density were mapped by reconstructing double probe traces over multiple fast probe insertions
at various fixed bias voltages. Linnell [144] took further measurements using the floating emissive
probe method, correcting the results for space-charge effects due to electron emission, and also used
a Langmuir probe to measure electron temperature and plasma density, owing to the limitations
of the double probe method used by Haas in determining electron temperature (the double probe
samples only the tail of the distribution and therefore tends to overestimate the temperature). The
Langmuir probe bias sweeps were conducted at high frequency (350 Hz, which required careful
consideration of capacitive losses in the biasing circuit) and the resulting traces linked to approx-
imate spatial locations in the discharge channel through data post-processing. The data analysis
procedure took the average of thin sheath and OML predictions weighted by probe to Debye length
ratio, with an iterative procedure to incorporate updated Debye lengths into the calculation. This
was motivated by the probe to Debye length ratio falling between the strict bounds of validity of
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these theories.
Raitses et al. [51] conducted fast floating emissive probe measurements of plasma potential
profiles along three axial paths in the PPPL 9 cm CHT, the results of which were shown in Figure
2.6b. The floating potential method used to extract plasma potential tends to underestimate plasma
potential by at least 1 Te as a result of so-called space-charge effects. A hot emissive probe floats
closer to the plasma potential than a cold Langmuir probe as a result of partial neutralisation of
the sheath by the emitted electrons - however, the emitted electrons typically have a much lower
temperature than the plasma electrons incident on the probe, and so the floating potential of the
probe remains roughly 1 Te lower than the plasma potential [119, 145, 146]. Electron temperature
and plasma density were not measured in this study. There were also large perturbations to the
discharge current of order 50-100% of the unperturbed value when the probe was inserted into the
annular region of the discharge channel.
Smirnov et al. [70] measured plasma potential, electron temperature and plasma density at the
discharge channel walls of a 2.6 cm CHT using planar Langmuir and emissive probes, and measured
plasma potential on the central axis of the thruster using a novel shielded emissive probe/cylindrical
Langmuir probe (see Figure 2.13). The installation of wall-mounted probes required modification
of the thruster magnetic circuit, while the shielded probe was required to reduce severe discharge
current perturbations [147]. The spatial resolution was order 5 mm, and the analysis did not
attempt the difficult problem of extrapolating bulk plasma parameters from measurements at the
walls, but instead assumed that measured parameters were averages along the magnetic flux tubes
connected to the probes. The density was estimated using the thin sheath approximation.
Shirasaki et al. [84] conducted a double probe survey of a 5.6 cm CHT (see Figure 2.14), which
allowed direct measurement of electron temperature and plasma density, while the plasma potential
was estimated by assuming a Maxwellian electron distribution and using the theoretical sheath po-
tential offset of the measured floating potential relative to the plasma potential given the measured
electron temperature (Vp = Vf +5.77 Te for Xenon). This approach likely results in large errors - it
is preferable to measure plasma potential directly using either a Langmuir or emissive probe. The
double probe method also tends to overestimate electron temperature as a result of sampling only
the tail of the distribution. Measurements were taken in the discharge channel and the near-field
region with a spatial resolution of 8 mm in the radial direction and 5 mm in the axial direction.
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(a) Plasma potential.
(b) Electron temperature.
(c) Plasma density.
Figure 2.13: Plasma parameters extracted from the PPPL 2.6 cm CHT, at a discharge voltage of
250 V [70].
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(a) Plasma potential. (b) Electron temperature.
(c) Plasma density.
Figure 2.14: Plasma parameters extracted from the OIT 5.6 cm CHT, at a discharge voltage of
200 V [84].
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Chapter 3
Experimental Setup
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3.1 EE-Halo Thruster laboratory model
3.1.1 Mechanical design
Figure 3.1 displays a full section view of the EE-Halo thruster laboratory model, with the magnetic
field of Figure 1.12 overlaid to show the positions of the magnetic field features relative to the
thruster components. The discharge channel diameter is 5 cm.
Figure 3.1: Section view of EE-Halo thruster laboratory model, with overlaid magnetic field.
The thruster was designed with ease of assembly in mind - the construction is very simple,
with a central anode/ceramic channel subassembly surrounded by ‘pancake’ electromagnets and
magnetic circuit components of equal diameters. The thruster is held together under compression
by threaded rods through the top and bottom plates of the magnetic circuit (not shown in Figure
3.1). The overall dimensions of the thruster are 152 mm diameter and 74 mm length.
Each of the four electromagnets has an inner diameter (ID) of 60 mm and an outer diameter (OD)
of 120 mm, and is wound using 18 AWG Aluminium magnet wire with a high temperature coating
rated to 200◦C. Aluminium was selected as the material for the magnet wire to reduce the weight
of the thruster, allowing sustained currents of up to 2 A. The two larger coils, of approximately
480 turns and 19 mm thickness, are both wound in the same sense, while the two smaller coils, of
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approximately 270 turns and 13 mm thickness, are also wound in the same sense, but in the sense
opposite to the large coils. All four coils are connected in series.
Between the four electromagnets are discs of ferromagnetic steel cut from 2 mm thick sheet,
which act as parts in the magnetic circuit. The central pole piece is attached to the baseplate
of the thruster (also cut from steel sheet) by a single screw. The ferromagnetic steel used in the
magnetic circuit was not heat treated due to cost, and was found during a thruster rebuild to have
a small residual magnetic moment of order 10 G. Throughout the experiments conducted, care
was taken to make sure that the coils were only operated when the anode discharge was running,
to avoid additional magnetisation of the components due to cooling in the presence of an applied
magnetic field. It was found that the magnetic field remained stable and close to FEMM predictions
throughout subsequent experimental campaigns (see Section 3.1.2 below).
The discharge channel is constructed from one piece of Boron Nitride, and has a diameter of
50 mm. The channel consists of an annular section of 20 mm ID, 14 mm length, in which the
anode/gas distributor is housed, and a cylindrical section of 35 mm length. The stainless steel anode
is constructed in two halves, which are welded together to contain a sealed propellant reservoir.
An 1/8” gas feed (not shown in Figure 3.1), which also serves as the point of electrical connection
for the anode, extends from the propellant reservoir out of the rear of the thruster through holes
in the ceramic channel and baseplate.
Ten holes of 1 mm diameter in the top face of the anode, at a radius of 15 mm, distribute
propellant evenly around the discharge channel. The size of the holes was calculated as follows
in order to ensure the pressure within the reservoir was much greater than that in the discharge
channel. As a rough first order estimate, one way particle flux Γn was assumed through the system
of a Maxwellian distribution of neutrals of density nn, temperature Tn and mean thermal velocity
c¯n, with a typical mass flow rate through the system of 10 sccm Xenon, of atomic mass mi. The
flux is related to the neutral density and temperature, the mass flow rate m˙ and the cross-sectional
area S by
Γn =
nnc¯n
4
= nn
√
kBTn
2pimi
=
m˙
Smi
(3.1)
Rearranging for the neutral density nn and using the ideal gas relation p = nnkBTn then gives
the pressure p as a function of the cross-sectional area S:
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p =
m˙
S
√
2pikBTn
mi
(3.2)
Inserting the cross-sectional area of the annular section of the discharge channel into Equation
3.2 and a worst case neutral temperature of 1000 K yields a pressure estimate in the discharge
channel of order 10−3 torr (0.1 Pa). Inserting the total cross-sectional area of all ten holes in
the anode and a neutral temperature of 300 K yields an estimate in the gas distributor of order
10−1 torr (10 Pa). The pressure in the discharge channel is thus expected to be several orders
of magnitude lower than the pressure in the gas reservoir, and the azimuthal distribution of gas
around the thruster is expected to be broadly uniform.
The cathode is mounted 30 mm downstream of the thruster exit plane, with its orifice at 75 mm
from the thruster axis, and is mounted in the radial direction to minimise its contribution to
measured thrust in the axial direction. Figure 3.2 displays a close-up photograph of the thruster.
Figure 3.2: Photograph of EE-Halo thruster laboratory model mounted on thrust balance with
SSTL hollow cathode neutraliser.
3.1.2 Magnetic field survey
A magnetic field survey conducted immediately after the initial assembly of the thruster showed
good agreement with FEMM simulations [36], and was repeated several times through the course
of experiments in order to monitor any changes in the magnetic field topology (for example, due
to residual magnetisation of magnetic circuit components). The radial magnetic field strength was
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measured along two axial paths at the anode outer radius (r = 23 mm) and inner radius (r =
11 mm) using a gaussmeter and a probe translation stage described in Section 3.3.4. The results
of surveys conducted during the course of this work are presented in Figure 3.3, and demonstrate
the agreement with FEMM and the consistency of the magnetic field topology and strength over
several experimental campaigns. The slight overestimate of FEMM compared to the measured
data can likely be explained by a combination of systematic error due to probe positioning and the
small residual magnetisation of the magnetic circuit components.
Figure 3.3: Magnetic field surveys over time, for 2 A electromagnet coil current. The anode is
located at z = 0, and the transition from annular to cylindrical geometry occurs at z = 14.
Surveys 1 and 2 were conducted using an FW Bell 5170 gaussmeter before and after a thruster
rebuild. Survey 3 was conducted after all experiments described in this thesis were completed, using
a Hirst GM08 gaussmeter. The field topology and magnitude clearly remained stable throughout
to within experimental errors due to manual initial positioning of the probe.
Several key features of the thruster magnetic field can be observed in Figure 3.3. The halo
magnetic null region is visible along the anode outer radius, r = 23 mm, as a reversal in the field
direction at approximately z = 10 mm, shortly before the transition from annular to cylindrical
geometry. The cusp associated with the downstream null point is visible along the outer radius at
approximately z = 30 mm, and results in a radial magnetic field strength of around 300 G. The
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radial magnetic field strength at the anode inner radius increases with increasing proximity to the
anode, in a similar fashion to that found in a CHT, up to a maximum of around 400 - 500 G. The
axial magnetic field strength (not shown) reached a maximum close to the central pole piece, at
around 800 G.
The linearity of the magnetic field as a function of coil current was also investigated after all
experiments were completed - the results are shown in Figure 3.4. It can be seen that the magnetic
field strength increases linearly with coil current to good approximation, indicating that the residual
magnetisation of the magnetic circuit components is sufficiently small to not influence the magnetic
field topology at the coil currents used in experiments (typically 1 to 2 A). It would also seem that
the magnetic circuit components are not saturated under these conditions.
Figure 3.4: Survey of magnetic field linearity as a function of electromagnet coil current. Measured
after all experiments described during this thesis using a Hirst GM08 gaussmeter at the peak in
radial magnetic field along the channel outer radius, at z ≈ 30 mm (see Figure 3.3).
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3.1.3 Operating procedure
The typical experimental setup of the thruster and cathode in a vacuum chamber is displayed
schematically in Figure 3.5.
Heater
Keeper
Anode
Thruster ground reference
Vacuum chamber
Cathode
Thruster
Coils (in series)
Magnets
Xe/Kr
Cathode Flow
Anode Flow
MFC
MFC
Figure 3.5: Schematic of a typical experimental setup for the EE-Halo thruster and hollow cathode,
displaying propellant bottle, isolation valves, Bronkhorst Mass Flow Controllers (MFCs) and power
supply connections for the anode and keeper, typically operated using Sorensen high voltage power
supplies, and electromagnets and heater, typically operated using TTi laboratory power supplies.
The thruster ground reference was either connected directly to the vacuum chamber ground or
floated relative to the vacuum chamber via a 100 kΩ resistor - see Section 2.2.3 for a discussion of
effects on thruster behaviour due to different grounding schemes.
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Before conducting each experiment a thruster operating set point was chosen. Each set point
consisted of the following variables:
 Anode flow rate
 Cathode flow rate
 Electromagnet coil current
 Anode voltage
 Total current (anode plus keeper)
The cathode was then started by passing current through the heater element, before applying
around 150 V to the keeper electrode and flowing propellant through the cathode after a set period
of time, when the emissive insert was expected to be at a sufficiently high temperature. The keeper
discharge was then sustained in a current limited mode, with a voltage to sustain the discharge
typically of order 10 V. Two cathodes were used during the course of experiments - a HeatWave
HWPES-500 hollow cathode [148] for preliminary experiments and later an SSTL Hollow Cathode
Neutraliser (HCN) for the majority of data presented [34, 149, 150]. The over-sized HeatWave
cathode required large heater currents in the tens of amps to turn on, often required a high flow
rate to start, and required a minimum keeper current of 3 A at all times. The SSTL cathode
required much lower heater currents to start and could be operated in a self-sustained mode (no
keeper current) when running the thruster at high powers.
With the cathode started and the keeper discharge stabilised, propellant was injected through the
anode and a glow discharge was initiated between the anode and cathode, usually current limited at
1 A. The desired voltage limit for thruster operation was set. The glow discharge current was then
increased to around 1 A beyond the expected current of the chosen thruster operating point, and
the keeper current reduced to maintain the total current (usually at 4 A in extended experiments to
sustain the high temperature of the insert). The current through the thruster’s electromagnet coils
was then gradually increased up to the chosen thruster operating point, resulting in a reduction
in discharge current and increase in discharge voltage up to the pre-set voltage limit. Prior to
performing an experiment, the thruster was then run in voltage-limited mode for around 30-60
minutes if starting from cold for the first time, and for around 2-5 minutes between rapid on/off
cycles such as during thrust measurements, until the discharge current stabilised to a steady-state
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value. The current was determined to be steady state when no changes of greater than 1% were
seen to occur over a 10 minute period, if starting from cold, or over a 2 minute period if already at a
sufficiently high temperature. A steady-state discharge current tended to occur above temperatures
of 80◦C, as measured using a thermocouple inserted into the thruster chassis, on the outside of the
electromagnet coil surrounding the anode.
3.1.4 Vacuum facilities
Three vacuum facilities were used to conduct experiments: the Pegasus and Daedalus vacuum
chambers at SSC and the main vacuum chamber at the David Fearn Electric Propulsion Laboratory
(DFEPL), University of Southampton. Figure 3.6 displays photographs of the three facilities, while
Table 3.1 lists the features and capabilities of each chamber. pbase refers to the base pressure of the
vacuum chamber with no flow input, while pbkg refers to the background pressure while propellant
is injected into the chamber.
Facility Size/m Pumps, Gauges pbase/torr pbkg/torr
Pegasus 2.0 × 1.5 1 × cryogenic pump
1 × cold cathode ionisation
gauge (axially mounted be-
hind thruster, calibrated for
air)
1 - 3 × 10−6 4 - 9 × 10−4
(7 - 15 sccm Kr)
Daedalus 2.5 × 3.5 1 × turbomolecular pump
1 × cryogenic pump
1 × cold cathode ionisa-
tion gauge (radially mounted
downstream of thruster, calib-
rated for air)
7 - 9 × 10−7 0.5 - 1 × 10−4
(8 - 16 sccm Kr)
DFEPL 2.0 × 4.5 2 × turbomolecular pump
1 × cryogenic panel
1 × cold cathode ionisa-
tion gauge (radially mounted
downstream of thruster, calib-
rated for Xe)
1 - 3 × 10−7 0.5 - 5.5 × 10−5
(5 - 40 sccm Xe)
Table 3.1: Vacuum facility features and capabilities.
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(a) SSC Pegasus vacuum facility.
(b) SSC Daedalus vacuum facility.
(c) Main vacuum facility at DFEPL.
Figure 3.6: Photographs of vacuum facilities used at SSC and DFEPL.
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3.2 Pendulum thrust balance
The contents of this section, and the corresponding results and discussions in Sections 4.1 and
4.2, form the basis of a journal publication in preparation, Characterisation of performance and
sensitivity to facility effects for a 5 cm channel diameter electromagnet Halo thruster.
3.2.1 I − V characteristics
Current-Voltage, I − V , characteristics for the anode discharge at various flow rates and magnetic
field strengths are the first and most simple measurements to obtain for a new thruster, allowing
the operating envelope of the thruster and its sensitivity to facility effects to be established. I −V
characteristics gathered for the EE-Halo thruster laboratory model were referred to in planning
further experiments, and in checking for consistent behaviour of the thruster between experiments.
The discharge voltage and current values were usually read from the front of the anode power
supply, and represent time-averaged values.
The typical shape of an I−V characteristic curve for the thruster is similar to that of a HET (see
Figure 2.4) - as discharge voltage increases, discharge current initially increases rapidly as propellant
is increasingly ionised, before reaching a peak. After the peak in discharge current, corresponding
to maximum ionisation, discharge current remains approximately constant with increasing voltage.
Optimum performance is found in the region of approximately constant current [43, 44].
3.2.2 Pendulum thrust balance mechanical design
Thrust measurements were performed using a hanging pendulum thrust balance, which has been
employed in numerous previous studies at SSC [24, 26, 35, 36, 105].
The balance, displayed in Figure 3.7, consists of a moving platform (to which the thruster is
attached) suspended from a stationary frame by aluminium flexures. The horizontal displacement
of the moving platform is measured using a Micro-Epsilon IDL1700-2 optical triangulation laser,
with a resolution of 0.1 µm and sampling frequency of 312.5 Hz. The thrust is extracted from the
measured displacement using a calibration factor, which depends on the mechanical properties of
the balance and is regularly checked throughout an experimental campaign. The calibration factor
is obtained by measuring the displacement of the moving platform as a result of known forces,
applied by a servo motor via the displacement of a known mass, mc, tied with string to the moving
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platform - the calibration and measurement procedures are described in detail in Sections 3.2.4
and 3.2.5 below.
Target Laser Displacement Sensor
Flexures
Thruster
Stationary Frame
Hanging
Platform
Calibration
Apparatus
(a) Schematic of thrust balance.
(b) Photograph of thrust balance, with EE-Halo
thruster laboratory model and SSTL hollow cathode
neutraliser mounted.
Figure 3.7: SSC hanging pendulum thrust balance.
3.2.3 Experiments conducted
Three thrust measurement campaigns for the thruster described in Section 3.1 have been undertaken
to date. All used the pendulum thrust balance design of Figure 3.7, but each was carried out in
a different vacuum facility, using different hollow cathode neutralisers and different propellants
(Krypton/Xenon). In addition to thrust measurements, I − V characteristics were also collected
over a range of operating conditions. Table 3.2 displays an overview of experiments conducted to
date. Details of the first three test campaigns can be found in Appendix C and Ref.s [36] and [41].
The thrust measurement dataset collected at DFEPL is the most comprehensive to date, and
is the best indication of likely performance of the thruster in flight as a result of the use of a
representative propellant (Xenon) and cathode (a flight model SSTL HCN) and the low background
pressure throughout experiments. Figure 3.8 displays a photograph of the thruster firing during
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Date Facility Prop. Cathode Data collected Conducted by
Feb 2015 Daedalus Kr, Xe SSC HCT I − V , Thrust C. Ryan [35, 36]
Aug 2016 Pegasus Kr HWPES-500 I − V , Thrust H. Sandman, T. Wantock [41]
Oct 2016 Daedalus Kr SSTL HCN I − V T. Wantock
Nov 2016 DFEPL Xe SSTL HCN I − V , Thrust T. Wantock
Table 3.2: Experimental campaigns conducted to date to determine I − V characteristics and
performance of the EE-Halo thruster laboratory model.
this campaign. Thrust and I − V measurements were collected for four Xenon flow rates (5, 10,
15, 20 sccm) and three coil currents (1.0, 1.5, 2.0 A). The cathode flow rate was maintained at
2 sccm for these measurements, and the keeper current adjusted with discharge current at each
setpoint to maintain a constant total current of 4 A. For discharge currents greater than 4 A the
keeper was switched off entirely and the thruster operated in a self-sustained mode. The cathode
ground return and thruster chassis/thrust balance were both floated relative to the chamber via
100 kΩ resistors. The cathode floated at around 5-10 V negative relative to the chamber, while the
chassis/balance floated at around 1-2 V positive relative to the chamber. The results of this study
are presented in Section 4.1.
Figure 3.8: EE-Halo thruster laboratory model in operation using Xenon during thrust measure-
ment campaign in DFEPL main vacuum chamber, November 2016.
The sensitivity of the results to facility effects was also investigated at DFEPL. At a fixed anode
flow rate of 10 sccm Xe and coil current of 1 A, the effects on performance were measured as a result
of varying the total current (2, 3, 4 A varied using the keeper), the cathode flow rate (2, 6, 10 sccm)
and the background pressure (0, 10, 20 sccm Xe injected via an auxiliary gas feed, positioned at
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the opposite end of the chamber from the thruster and in the azimuthal direction). It was found
that changing the total current had a minimal effect on performance and I − V characteristics,
as did the additional background pressure in the vacuum chamber (although the pressure never
exceeded around 5 × 10−5 torr, a typical pressure for operation in Daedalus). The cathode flow
rate had a moderate influence on the measured performance and provides some explanation for
observed differences between the various performance characterisation studies undertaken to date.
A comparison of results between SSC and DFEPL is presented in Section 4.2.
In order to avoid non-linear frictional forces disturbing the linearity of the thrust balance, care
was taken during the experimental setup to select and position cables such that the moving platform
of the balance experienced as little resistance to motion as possible. This was achieved by connecting
stiff cables from the thruster and cathode to an intermediate junction on the moving platform, which
was itself connected to the stationary frame of the balance via flexible cables (electrical leads with
silicone insulation, 1/8” plastic tubing) bent in the direction perpendicular to the thrust axis. A
photograph of the balance with the thruster and cathode mounted is shown in Figure 3.7b.
3.2.4 Calibration procedure
To calibrate the thrust balance, a series of known forces was applied to the thrust balance moving
platform and the resulting displacement measured using the laser displacement sensor. The known
forces were produced by the action of a servo motor (operated by an Arduino microcontroller) on
a known mass via a pulley system attached to the hanging platform. The geometric arrangement
of the calibration mechanism is displayed in Figure 3.9.
∆x a0x0
x
β
θ
y0
(a) Schematic of calibration apparatus (not to scale). (b) Photograph of calibration apparatus.
Figure 3.9: Thrust balance calibration apparatus used for experimental campaigns in Pegasus
(August 2016) and at DFEPL (November 2016).
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For a known applied rotation angle β to the pulley arm, of radius a0, the horizontal displacement
of the hanging mass ∆x (equal to the differences in length of string between the fixed point and
pulley arm at a given β, x and the initial length at β = 0, x0), can be calculated trigonometrically
(cosine rule) using the following relation:
∆x = x− x0 =
√
(x0 + a0)2 + a20 − 2(x0 + a0)a0 cosβ − x0 (3.3)
The horizontal displacement of the hanging mass results in a horizontal force Fx on the thrust
balance, which is obtained using the following relation (similar right-angled triangles of minor angle
θ), where y0 is the vertical distance between the moving platform and calibration mass:
Fx = mcg0
∆x
y0
(3.4)
By generating a series of known rotation angles of the pulley arm β using the Arduino micro-
controller and servo motor, and calculating the corresponding expected horizontal forces on the
balance Fx(β) using Equations 3.3 and 3.4, a calibration factor can be obtained from the gradient
of Fx(β) versus the measured displacement of the balance (using the laser) at each value of β.
The analysis procedure for extraction of a calibration factor, used to obtain thrust from a meas-
ured change in displacement of the thrust balance, proceeded as follows for the DFEPL experimental
campaign. Figure 3.10 displays the raw data from the laser displacement sensor during a typical
full calibration run of 10 forward/backward applied force steps, due to changes in servo motor angle
β controlled by the Arduino microcontroller. A spread in displacements before and after each step
can be observed, due to oscillation of the balance about each equilibrium position.
To allow identification of the various equilibrium displacements at each step, a lowpass Butter-
worth filter (using the MATLAB butter() function, with filter order 3 and cut-off frequency 0.5 Hz)
was applied to the raw data to remove high frequency components due to the oscillation of the
balance around each equilibrium position. Figure 3.11 displays the result of applying this filter to
the raw data displayed in Figure 3.10 (filtered data within the first 10 s are excluded to remove
filtering artefacts).
Using the filtered data, steps returning from each applied servo motor angle β position to the
initial equilibrium position (with zero force applied to balance) were identifed by looking for peaks
in the first derivative, and are shown as red dashed vertical lines in Figure 3.11. These return
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Figure 3.10: Raw data from laser displacement sensor, for a typical full calibration run of 10
forward/backward steps applied to the thrust balance by varying rotation angle β of the calibration
servo motor.
steps correspond to simulated changes in displacement due to switching off the thruster during a
thrust measurement. Either side of each of these simulated thrust measurement steps, the mean
displacements were obtained, shown as red horizontal lines. The difference between the applied
force and zero force mean displacements was then obtained for each step, and is indicated by the
displacement between red crosses in Figure 3.11.
The measured change in displacement due to removal of each applied force Fx(β), which would
correspond to turning off the thruster in an actual measurement, could then be plotted against the
applied force at each step (calculated using Equations 3.3 and 3.4) to obtain a calibration curve of
thrust versus measured displacement, as displayed in Figure 3.12. A calibration factor could then
be obtained from the gradient of a linear fit (using least squares fitting of points, passing through
the origin) to the calibration curve, shown in red in Figure 3.12.
The calibration factor for the system was measured frequently throughout the experimental
campaign. A full calibration procedure was performed before and after each extended series of
measurements (typically once every few hours), with multiple forward and backward steps from
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Figure 3.11: Thrust balance displacement over time during a typical calibration procedure, with
high frequency components due to oscillation of the balance filtered out. Simulated thrust steps are
produced by measuring the change in displacement before and after removal of an applied horizontal
force to the balance, Fx, due to a change in calibration servo motor angle, (β). Displayed are the
identified simulated thrust steps (vertical red dashed lines), the mean displacement either side of
these steps (horizontal red lines) and the values used to evaluate the changes in displacement (red
crosses). The zero force line can be seen to drift on a timescale much greater than that of a single
thrust step.
and to the zero displacement position. This provided a value for the calibration factor using a
number of β test points and an indication of the linearity of the balance. Single point calibration
checks, using the maximum β of a full calibration only, were performed more frequently in order
to identify any significant drifts in the calibration factor between the full calibrations.
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Figure 3.12: Least squares linear fit to the applied force (corresponding to thrust in an actual
measurement) versus displacement curve to obtain a calibration factor.
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3.2.5 Measurement procedure
Thrust measurements were taken at many power, flow rate and magnetic field strength set points.
Before each measurement, the thruster was started and operated until reaching a steady state
discharge current, as described in Section 3.1.3. Once the discharge conditions were seen to be
stable, the laser displacement sensor data acquisition was started - Figure 3.13a displays the raw
data obtained for a typical thrust step, while 3.13b displays the result of filtering the data to remove
high frequency oscillatory components, using the same filter algorithm as used in the calibration
procedure (see Section 3.2.4). After 30 seconds of data collection with the thruster firing, the anode
discharge was turned off, followed by the anode flow and electromagnet coils within approximately
10 seconds. Data collection continued for a further 60 seconds after the thrust step to capture drift
in the zero thrust baseline.
(a) Raw data from laser displacement sensor. The
anode discharge was switched off at 30 seconds, fol-
lowed by the anode flow and electromagnet coils.
(b) Filtered data, showing a small secondary step
shortly after the primary, probably due to cold gas
thrust.
Figure 3.13: Analysis of a typical thrust step, to obtain a value of thrust by multiplying the
measured change in displacement of the balance by the calibration factor. The thruster, operating
under steady state conditions, is turned off at 30 s from the start of data acquisition (indicated by a
vertical dashed red line), allowing the balance to return to a zero thrust equilibrium displacement.
A Butterworth lowpass filter is applied to the raw data to remove high frequency components and
facilitate identification of regions of interest (the first 10 s are excluded from the filtered data to
remove numerical artefacts). The displacement before the thrust step is obtained from the mean
of the data between 10 and 20 s (horizontal red line). The displacement after the thrust step is
obtained by extrapolation of a least squares linear fit to the data between 60 and 90 s, to account
for drift in the zero thrust baseline (red line). The change in displacement at the thrust step
(indicated by two red crosses) is multiplied by a calibration factor to obtain the thrust.
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In order to account for drift in the zero thrust baseline, the displacement immediately after
turning off the thruster was estimated by extrapolating a least squares linear fit to the data between
60 to 90 s (shown as a red line in Figure 3.13b) to the thrust step at 30 s, shown as a vertical
red dashed line in Figure 3.13b. The change in displacement before and after switching off the
thruster at 30 s was obtained from the difference between this extrapolated value and the mean
displacement of the data preceding the thrust step, indicated by red crosses in Figure 3.13b. Thrust
was then obtained by multiplying this change in displacement by the calibration factor.
For some data collected at higher anode flow rates, a small secondary thrust step shortly after
the primary thrust step is observed (see for example Figure 3.13b). This probably corresponds
to a combination of shutting off the anode flow and electromagnet coils shortly after the primary
thrust step. Since the size of the step was correlated to the mass flow rate, it seems most likely
that this thrust contribution is due to cold gas flow through the anode. For all measurements this
contribution was included in the total measured thrust through defining the zero thrust baseline
after the secondary step, and was seen to be negligible in comparison to the primary thrust step
due to shutting off the anode discharge.
The order in which data were collected and the duration of data collection for each run was
determined by thermal considerations for the thruster and balance. The thermocouple described
in Section 3.1.3 was used to set the limits of each data collection run. The thruster was first
operated until reaching a steady-state discharge current, as described in Section 3.1.3. Thrust data
were then collected as described above until the thermocouple read 150◦C (based on a significant
safety factor for the 200◦C rated thermal tolerance of the magnet wire coating), from which point
onwards the thruster was left to cool before the next data collection run. Often the hollow cathode
could be left running during this cooling period. During each data collection run, the thruster was
operated at a constant discharge power, while the anode flow rate and coil current were varied
between measurements, in order to maintain the thermal stability of the thrust balance as much
as possible without active control. Single point calibrations were conducted before and after each
heating/cooling cycle, with full calibrations being carried out every few cycles.
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3.2.6 Assessment of uncertainties
Sources of uncertainty for the above procedure are discussed in the following section, before con-
cluding with a summary of total estimated uncertainties on the thrust, specific impulse and thrust
efficiency values obtained.
3.2.6.1 Systematic uncertainties on thrust in measurement and analysis procedures
Errors introduced by non-linear frictional forces due to cables were found to be negligible, as
indicated by the highly linear calibration curves generated from all full calibrations conducted (see
for example Figure 3.12).
The systematic error on the output from the laser displacement sensor is quoted by the manu-
facturer as ±1 µm, which is small in comparison to a typical thrust step (the smallest measured
displacement at DFEPL, at 50 W and 5 sccm anode flow, was 5 µm) and a negligible source of error
for most thrust measurements compared to the others discussed below. In any case, the average
displacement is measured over a time period much longer than the sampling time interval of the
laser, so that many points are used and the uncertainty in displacement is reduced.
The systematic error due to numerical features of filtering the data before fitting is also small
for a similar reason - many points were used to extract the underlying trends. The analysis was
found to be insensitive to filtering input parameters (filter order, cut-off frequency), with variation
in the extracted change in displacement representing a negligible error in comparison to the other
sources discussed here.
3.2.6.2 Statistical uncertainties on thrust due to thermal drift
The statistical error on measured changes in displacement ∆d is largely due to thermal drift - differ-
ent rates of drift in the zero thrust baseline result in different extrapolated values to the thrust step
and hence different inferred ∆d values. This error was estimated by performing repeat measure-
ments in succession of a single operating setpoint (15 sccm Xe anode flow, 1 A coil current, 500 W
discharge power), such that a single cold to hot data collection period was sampled. The resulting
1σ uncertainty on ∆d was ±1 µm, a negligible quantity for all but the smallest values. Thermal
drift likely also plays the dominant role in determining the statistical error on the calibration factor
C used to convert measured ∆d values to thrusts. From the 29 calibrations conducted throughout
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Figure 3.14: Distribution of calibration factors obtained during the experimental campaign at
DFEPL. The mean value of 285 mN/mm was used to extract thrust values from measured dis-
placements. Dashed lines indicate the ±1σ values of the Gaussian fit to the distribution displayed
in red.
the experimental campaign at DFEPL, an uncertainty on the average calibration factor of ±6 mN
mm−1 was found, as can be seen in Figure 3.14.
3.2.6.3 Systematic uncertainty on determination of the calibration factor
The systematic error on the determination of the calibration factor, due to uncertainty in the
mechanical properties of the calibration apparatus, was estimated using a Monte Carlo technique
developed by A. Lucca-Fabris [26]. Conservatively estimated uncertainties on the known mass,
dimensions of the pulley system and rotation angles of the motor arm were used to set the widths
of Gaussian distributions for these input parameters to Equation 3.4. These distributions were
then randomly sampled many times, with each set of sample values used to calculate a calibration
factor using Equations 3.3 and 3.4, generating a distribution of calibration factors for a given input
calibration dataset. This analysis used assumed 3σ uncertainties of ±0.05 g on the known mass
mc, ±5◦ on the pulley arm angle β, ±1 mm on the pulley arm radius a0, ±1 mm on the initial
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length of string between the fixed point and pulley arm x0 and ±2 mm on the vertical distance to
the moving platform y0. The systematic uncertainty on a calculated calibration factor found by
this procedure was ±29 mN mm−1, and is the dominant source of error considered here.
3.2.6.4 Additional uncertainties on specific impulse and thrust efficiency
Errors on specific impulse and thrust efficiency (see definitions in Equations 1.6 and 1.7 respect-
ively), σ(Isp) and σ(η), are related to the normally distributed errors on thrust σ(F ), mass flow
rate σ(m˙) and input power σ(P ) as follows:
Isp =
F
m˙g0
=⇒ σ(Isp) =
√[
σ(F )
m˙g0
]2
+
[
Fσ(m˙)
m˙2g0
]2
(3.5)
η =
F 2
2m˙P
=⇒ σ(η) =
√[
Fσ(F )
m˙P
]2
+
[
F 2σ(m˙)
2m˙2P
]2
+
[
F 2σ(P )
2m˙P 2
]2
(3.6)
Mass flow rates at a given operating condition of the thruster were measured using Bronkhorst
mass flow controllers (model number F-201CS-050-AAD-22-V) calibrated for use with Xenon, with
a manufacturer quoted uncertainty of ±0.5 %. Input powers were measured by reading off values
displayed by Sorensen power supplies (anode model number XG300-5.6, keeper model number
XG150-5.6), with a manufacturer quoted uncertainty of ±0.5 % on voltage and current readings
using the front panel giving a ±0.7 % total uncertainty on power. Contributions to errors on
specific impulse and thrust efficiency due to the uncertainties on mass flow rate and input power
were found to be negligible in comparison to the uncertainties on measured thrust discussed above.
3.2.6.5 Total uncertainties
Thrust was obtained from the product of the calibration factor and the measured change in dis-
placement of the thrust balance, F = C∆d. As a result, the total uncertainty on thrust due to
the uncertainties on the calibration factor σi(C) and on the measured displacements σj(∆d) was
calculated as follows:
σ(F )2 =
∑
i
(∆dσi(C))
2 +
∑
j
(Cσj(∆d))
2 (3.7)
The uncertainty on thrust was dominated by the uncertainty on the calibration factor for all but
the smallest measured thrusts.
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The total uncertainties on thrust, specific impulse and thrust efficiency were estimated as follows
from the contributions discussed above:
 Thrust: total uncertainty calculated according to Equation 3.7
– Systematic uncertainty on ∆d due to laser displacement sensor resolution: ±1 µm
– Statistical uncertainty on ∆d due to thermal drift: ±1 µm
– Statistical uncertainty on C due to thermal drift: ±6 mN mm−1
– Systematic uncertainty on C due to uncertainty in the mechanical properties of the
calibration apparatus: ±29 mN mm−1
 Specific impulse: total uncertainty dominated by uncertainty on thrust, σ(Isp) = σ(F )/m˙g0
 Thrust efficiency: total uncertainty dominated by uncertainty on thrust, σ(η) = Fσ(F )/m˙P
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3.3 Translating Langmuir probe
The contents of this section, and the corresponding results and discussion in Section 4.3, form the
basis of a journal publication in preparation, Mapping of plasma parameters using a translating
Langmuir probe in a 5 cm channel diameter electromagnet Halo thruster.
3.3.1 Aim and approach
A key aim of the work described in this thesis was to map trends in electron temperature, plasma
potential and plasma density across the EE-Halo thruster discharge channel, using a translating
Langmuir probe, in order to reveal the basic underlying physics governing ionisation and accelera-
tion within the thruster, and provide direction for future development of the device.
A preliminary experiment was conducted in the Pegasus vacuum chamber in February 2016,
using Krypton and a HeatWave HWPES-500 hollow cathode - a photograph of the the thruster
in operation with the probe visible entering the discharge channel is displayed in Figure 3.15.
Langmuir probe traces were collected across the discharge channel, with the thruster operating at
a low power of 84 W and a discharge voltage of 84 V - details of this study can be found in Ref. [37].
The qualitative outcomes of the preliminary experiment were consistent with the results presented
in this thesis and will not be further discussed here.
Figure 3.15: Photograph of thruster in operation using Krypton, during preliminary Langmuir
probe scan [37].
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Following the experience gained in the preliminary experiment, the experimental setup and
analysis technique were significantly further developed for an experimental campaign conducted
December 2016 to February 2017 in the Daedalus vacuum chamber, using Xenon and an SSTL HCN.
The setup of the thruster and cathode in this campaign was identical to the thrust measurement
campaign conducted shortly beforehand, at DFEPL in November 2016 (see Section 3.2.3), except
that the cathode ground return was connected directly to chamber ground, in order to facilitate
referencing of the probe biasing circuit. Given the identical cathode conditions used, it is not
expected that the differences in grounding scheme and background pressure strongly influenced the
qualitative thruster behaviour between DFEPL and Daedalus, and so the plasma measurements
are thought to be broadly consistent with representative operating conditions.
3.3.1.1 Approach
Taking into consideration the aim of the research, to map plasma parameters in the discharge chan-
nel, and the similar experiments described above, the approach taken for the experiment was that
of a cylindrical Langmuir probe, translated on a slow positioning stage. Wall-mounted probes were
not desirable because of their low spatial resolution, the need to modify the thruster construction
and the difficult interpretation of bulk plasma parameters compared to a single translating probe.
A fast translation stage was not considered necessary for surveying the thruster at low power, and
would in any case have been prohibitively expensive and introduced additional requirements for
the robustness of probe construction. Using the slow translation stage (which was already available
within SSC with minor modifications, see Section 3.3.4), it was found that the probe shaft could be
resident in the channel for the entire experiment duration without failing or causing significant per-
turbation, negating the need for fast probe insertion. Data could then be collected at well-defined
sample points in the discharge channel rather than during rapid motion of the probe.
The statistics for the measurements in the above-mentioned studies for CHTs (see Section 2.3.7)
were limited, and no checks for hysteresis were made. It was decided for this experiment to conduct
ten up-down bias sweeps per sample point. A low bias sweep frequency of 10 Hz was chosen to
ensure that plasma parameters were constant over the bias sweep duration, and that there were
no appreciable capacitive losses from the probe circuit. Ten up-down bias sweeps was the number
chosen as a result of a compromise between the total number of traces per sample point in the
discharge channel and number of points per trace, given the fixed buffer capacity of the digital
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storage oscilloscope used to collect data.
The experiment was designed such that both Langmuir probe and double probe measurements
could be taken if necessary, with two parallel probe wires installed in a single holder, spaced
approximately 1 mm apart (compared to an expected Debye length of less than 0.1 mm). The bias
voltage of one probe could be referenced relative to the other via a floating programmable power
supply to conduct a double probe measurement, or independently referenced to ground (i.e. the
cathode) to conduct a single Langmuir probe measurement. This would have allowed comparison
and corroboration between the two techniques. Unfortunately, the double probe technique proved
problematic, as a result of difficulties in maintaining isolation between the floating double probe and
ground when attempting to measure current between the probes, and it was not pursued further.
3.3.1.2 Probe sizing and analysis technique
The probe sizing and analysis technique used was determined based on the considerations summar-
ised in Section 2.3.6 and the similar studies conducted on HETs and CHTs discussed in Section
2.3.7.
Based on expected electron temperature and density orders of magnitude for CHTs inferred from
Ref.s [70, 84] (10 eV and 5× 1017m−3 respectively), and a maximum axial magnetic field strength
in the discharge channel of 800 G (near the central pole piece), the Debye length was estimated to
be around 0.03 mm, and the electron gyroradius was estimated to be around 0.1 mm. As a result,
a probe diameter of 0.1 mm was selected, in a compromise between a large probe radius, desired
for maximising validity of the thin sheath approximation over the discharge channel, and a small
probe radius, desired for mitigating the effects of magnetic fields on electron collection. A probe
length of 1 mm was selected in compromising between axial spatial resolution, rounding of the
knee in parallel electric fields (requiring a shorter probe) and end effects (requiring a longer probe).
Since the measurements were focused on the physics within the discharge channel, end effects were
not expected to be significant as a result of ion velocities being greatest further downstream of the
measurements.
The plasma potential was extracted from the knee of the trace - this was defined using two
different methods used in Ref.s [70, 144] and throughout the wider Langmuir probe literature (see
Section 2.3.2) [124, 126–129, 137]. The maximum first derivative method defines the knee using the
inflection point of the trace on entering the electron saturation regime, while the intercept method
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defines the knee using the intercept of linear fits to the transition and electron saturation regions
of the semi-logarithmic trace.
A Maxwellian electron distribution was assumed in extracting an estimate of electron temperat-
ure from the gradient of the semi-logarithmic trace. Measurements of EEDFs in generic magnetised
plasmas have shown that the EEDF is broadly either Maxwellian [133, 151, 152] or in some cases
bi-Maxwellian [153], though it has been shown in HETs that the EEDF is non-Maxwellian and
non-isotropic. Electron energies in the axial direction appear to be several times greater than in
the radial direction, and are grouped according to the means of electron production and confine-
ment [154]. A bi-Maxwellian EEDF in low plasma density regions near the anode in the annular
section of a CHT has also been predicted, due to depletion of the tail of the distribution through
collisions of high energy electrons with the discharge channel walls [92]. However, for the purposes
of this analysis, a Maxwellian distribution was assumed as a first approximation, in line with pre-
vious studies, and electron temperature was calculated using the standard approach [70, 84, 144].
Attempts were made to extract the EEDF from the collected data at each sample point in the
thruster using the second derivative of the trace - broadly Maxwellian shapes were recovered, but
the experimental setup and analysis procedure were not rigorously configured for accurate EEDF
measurements, and the results are not considered in detail here. Details of the special considerations
required for accurate measurement of the EEDF using a Langmuir probe can be found in Ref. [129]
- sophisticated experimental and analysis methods are required to account for noise in the second
derivative. Given the magnetic field strength and expected pressure in the discharge channel, the
EEDF was expected to be isotropic in line with all other studies discussed [51, 70, 84, 143, 144].
For the sake of extracting plasma density trends across the discharge channel, and in light of the
lack of a complete ion collection theory and prior knowledge of the thruster properties, the simple
thin sheath approximation to estimate the ion density was used, as was the approach in the CHT
studies of Ref.s [70, 84]. Orbital motion, sheath expansion and collisional effects were neglected. A
more sophisticated analysis procedure using one or several of the more complicated ion collection
theories described in Appendix D, none of which can be said to give a ‘correct’ answer in any case,
did not seem justifiable.
Unmagnetised probe theory was used in this work and in all similar previous studies described
[51, 70, 84, 143, 144], made broadly applicable by sizing the probe smaller than the expected electron
gyroradius. However, electron current was likely still suppressed in measurements conducted in
94
regions of high magnetic field strength, and extracted electron densities using the electron saturation
current and integration of the EEPF indicated significant underestimation. Estimation of plasma
density using the ion part of the trace is generally considered more accurate [124, 131, 137].
3.3.2 Probe design
The probe used was constructed using two tungsten wires of 0.1 mm diameter, protruding 1 mm
in length from a 1.2 mm diameter double bore alumina tube, of 150 mm length and inner bore
diameter 0.3 mm. At the rear of the probe shaft the wires were bent at 90◦ and secured with
several layers of Kapton tape. The wires left the shaft in opposite directions ensuring no electrical
contact was made, and were insulated along their length using further strips of Kapton. To connect
the wires (which were very small in diameter and could not be soldered) to the external circuit,
the protruding ends were wrapped several times in a tight loop, wrapped in copper tape and
crimped onto with connectors to the cores of two BNC cables. The outer shielding of the cables
was left disconnected. The probe shaft was supported within a section of stainless steel 1/8” pipe,
of approximately 30 mm length, and secured in place using an M2 set screw, tightened by hand
onto a layer of Kapton tape wrapped around the probe shaft to prevent fracturing. Figures 3.16a,
3.16b and 3.16c show the design of the probe, close-up photographs of the probe wires at both ends
of the alumina tube and a photograph of the completed probe respectively.
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1/8”× 30 mm stainless steel pipe
M2 screw
1.2 mm × 150 mm double bore alumina tube
Copper tape
Kapton tape
2 × 0.1 mm Tungsten wire protruding 1 mm
(a) Schematic of probe construction.
(b) Photographs of probe wires at each end of the probe shaft. A stereo-viewer with 8× magnification was
used to ensure the probe tips protruded 1 mm from the end of the probe shaft.
(c) Photograph of completed probe.
Figure 3.16: Construction of probe used to collect data.
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After conducting the experiment, the probe shaft and wires were examined. Figure 3.17 displays
photographs of the alumina probe shaft, while Figure 3.18 displays scanning electron microscope
images of the two probe tips, along with an unused tip as a control. It can be seen that the
probe wires are cylindrical to good approximation, with flattened sections at the very tips of
approximately 0.2 mm length caused by the use of a standard wire cutting tool. Fractures can be
seen in probes 1 and 2 that would also have been caused by cutting the wires, and were possibly
widened by thermal stresses as they were exposed to plasma. Both probes can be seen to be
cleaned by the plasma along the expected length of protrusion of approximately 1 mm, suggesting
that plasma did not extend an appreciable distance within the inner bore of the tube, with probe
1 (to which bias sweeps were applied) appearing to be cleaned to a greater extent than probe 2
(which was disconnected and floating). Figure 3.19 displays close-up images of probe 1 in both
exposed and unexposed regions - in the exposed region the striated metallic features appear to have
been smoothed relative to the unexposed region, probably by ion bombardment. The dimensions
of the probes did not vary appreciably relative to the control over the course of the experimental
campaign (order several hours total exposure to plasma).
Figure 3.17: Photograph of probe shaft after use. The surface of the alumina is marked with a
dark material up to approximately the discharge channel length of 50 mm, and is coated in a yellow
material (possibly Kapton) up to approximately 120 mm. The shaft retains its original colour along
its remaining length, where the stainless steel tube support was secured.
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(a) Probe 1 (b) Probe 2
(c) Control
Figure 3.18: Scanning electron microscope images of probe tips after use and control wire, at
70× magnification using 15 kV electrons. A backscattered electron detector was used to highlight
contrast between regions cleaned by exposure to the plasma and unexposed regions. The probe
wires can be seen to be cylindrical to good approximation. Probes 1 and 2, which were exposed
to plasma, were cleaned along the approximately 1 mm length of protrusion from the probe shaft.
Flattened tips due to wire cutters along lengths of approximately 0.2 mm can be observed for each
probe. Fractures of approximately 0.5 mm length, potentially widened by thermal stresses, can be
observed for Probes 1 and 2.
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(a) Exposed (b) Unexposed
Figure 3.19: Scanning electron microscope images of probe 1 after use, in regions exposed and
unexposed to plasma, at 950× magnification using 15 kV electrons and a backscattered electron
detector.
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3.3.3 Biasing and data acquisition
Figure 3.20 displays a schematic of the probe biasing circuit and experimental setup. The probe
was installed on a translation stage (see Section 3.3.4 below) and connected via BNC cables and
a vacuum feedthrough to the external circuit. The bias sweep frequency, shape and amplitude
were controlled by a Thandar TG2001 function generator, which could be gate-triggered using
a 5 V input. The output signal, a triangular waveform of 10 V amplitude (20 V peak-to-peak)
and 10 Hz frequency, was fed into the input of a bespoke ×10 voltage amplifier, constructed for
previous experiments at SSC. The maximum output voltage range of ±100 V was used. The
current to and from the probe as a result of the bias sweep was measured through the use of a
100 Ω shunt resistor (selected to give a compromise between size of signal V = IR and power
rating P = I2R), connected in series with the probe and amplifier. The differential voltage across
the resistor was measured using a bespoke current monitor, also previously employed at SSC,
the central component of which is an AD629ANZ op-amp. This device allows measurement of a
differential voltage over the full range of common mode voltages set by the function generator and
amplifier. The probe was connected to the input of the current monitor via a high voltage relay,
which could be triggered with a 5 V input simultaneously with the function generator whenever
data acquisition was required. The probe voltage was measured via a BNC T-junction between
the relay and vacuum feedthrough. In parallel with data acquisition from the probe, the discharge
current was monitored in order to characterise probe-induced perturbation to the thruster. This
was achieved by measuring the voltage across a 1 Ω, 25 W shunt resistor connected in series with the
anode, on the negative side of the anode power supply. The cathode ground return was connected
directly to the chamber ground reference in order to allow the biasing circuit to be referenced to
the cathode without floating its components.
Data was acquired using a Tektronix TDS2024B digital storage oscilloscope with four input
voltage channels. Table 3.3 displays the oscilloscope settings used to acquire each monitored voltage.
The settings were chosen as compromises between total voltage range and voltage resolution, as
set by the oscilloscope’s analogue-to-digital converter (8 bits). The oscilloscope was interfaced via
USB to a PC running National Instruments LabVIEW with a PCI-6221 data acquisition card,
which allows reading and writing of analogue and digital voltages. The total number of points per
channel per scope acquisition was 2500, resulting in approximately 125 points per trace collected
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Figure 3.20: Schematic of probe biasing and data acquisition circuitry, indicating the locations of
four voltage readouts to an oscilloscope, Function Generator (FG), ×10 amplifier, Current Monitor
(CM) and 5 V triggers.
(from 10 upward, 10 downward bias sweeps). A LabVIEW Virtual Instrument (VI) program was
written to interface with the oscilloscope and write the acquired data to file, as well as to trigger
the function generator and probe relay at the appropriate times. The oscilloscope data acquisition
was triggered off a rise in probe 1 voltage due to the beginning of bias sweeping on closing the
relay.
Channel Variable Attenuation V/Division V Offset
1 Probe 1 Voltage ×10 20 0
2 Probe 2 Voltage ×10 20 0
3 Probe 1 Current ×1 0.5, 1, 2 -1,-2,-4
4 Discharge Current ×1 0.25 0.75
Table 3.3: Data acquisition settings for oscilloscope channels. The oscilloscope had ten vertical
divisions and ten horizontal divisions, which were kept at 0.1 s for the duration of the experiment,
giving an acquisition period of 1 s. The probe current settings were varied between several scans, in
compromising between resolution and total range for the oscilloscope’s analogue to digital converter.
The conversion factors to currents for channels 3 and 4 were 1 V = 10 mA and 1 V = -1 A
respectively.
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3.3.4 Translation stage
The probe positioning within the discharge channel was controlled with a bespoke translation stage
developed at SSC. The original design, developed by U. Shafiq as part of an MSc project [155],
allowed translation along three axes, and was used for mapping in three dimensions the plume of
a QCT [23]. The control software architecture for the translation stage was revised by T. Harle
in 2015 to incorporate low cost stepper motor drivers and open-source software libraries. During
the course of this work, the translation stage was modified to improve its suitability to performing
precise translations in a single plane (the radial-axial or r − z plane of the axisymmetric thruster)
and the control software was further developed to add functionalities of manual positioning and
zeroing. The advantages of the new configuration were a lower centre of gravity of the probe
mounting point (reducing vibration during translation), reduction of the likelihood of shearing
and motor jamming (by limiting the vast majority of translation operations to a single arm) and
the reduction of the cross-sectional area of obstruction to the thruster plume. The original and
modified variants of the translation stage are displayed in Figure 3.21.
Figure 3.21: Rendered 3D models of original 3-axis translation stage (left) and modified r − z
translation stage (right).
The probe is mounted to the central platform of the translation stage using rubber straps laid
across the stainless steel probe support (see Figure 3.16a) and secured tight to an aluminium plate.
Motion of each arm of the translation stage is controlled via a worm-drive system - the rotation of
a threaded rod, supported at either end by vacuum-compatible bearings, results in translation of
a platform, with a female threaded core, along the axis of the rod through the action of meshing
threads. Two guiding rails either side of the threaded rod maintain horizontal alignment of the
platform. Rotation of the drive system is controlled by a NEMA 17 (Wantai 42BYGHW811)
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stepper motor, which is attached to the threaded rod by flexible aluminium couplings. Three
identical arms are configured such that motion in the thruster axial, z, direction parallel to the
probe occurs along a single translating arm, while motion in the radial direction is achieved through
the action of two supporting arms, which receive synchronised input signals to their motors. The
maximum speed of translation used in the experiment was approximately 10 mm/s, which was
chosen to avoid motor stalling without requiring large motor powers, leading to overheating of
driver boards. A photograph of the experimental setup inside the vacuum chamber is displayed in
Figure 3.22.
Figure 3.22: Thruster, cathode, translation stage and probe inside Daedalus vacuum chamber.
Figure 3.23 displays a flow diagram of the translation stage control architecture. Control of the
translation stage positioning is achieved using an Arduino Mega 2560 microcontroller, which sends
stepping commands to several Big Easy Driver (BED) stepper motor driver boards, one for each of
the translation stage motors. The list of sample coordinates to be visited by the probe is stored on
a micro-SD card, and read by the Arduino via an Ethernet Shield. The Arduino board is powered
via a USB cable connected to a laptop, which also serves to display current actions through the
Arduino serial monitor. The open-source AccelStepper library for Arduino is used extensively
to generate stepping commands. The BEDs convert the input signals from the Arduino to the
necessary voltages and currents for the stepper motor coils, and are powered by a 12 V laboratory
power supply. During a scan, when a sample point is reached, the Arduino sends a 5 V signal to
the PC running LabVIEW and data collection begins. Once the LabVIEW tasks are completed
and the probe data are saved, a 5 V signal is returned to the Arduino to resume the scan.
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Figure 3.23: Flow diagram displaying the means of control of the translation stage and probe
biasing/data acquisition.
Figure 3.24 displays the sample points used during the experimental campaign in Daedalus,
relative to an outline of the discharge channel. In addition to the sample points in the discharge
channel, a single measurement was collected at the scan origin at the end of each scan, 50 mm
downstream of the channel exit on the thruster axis. The probe was scanned along three axial
paths, with 1 mm spacing between sample points, at close to the anode outer radius at r = 23,
close to the anode inner radius at r = 12, and along the thruster central axis at r = 0. Between each
sample point, starting at the point of greatest insertion depth and proximity to the channel wall
and stepping outwards from the discharge channel, the probe was moved first radially if applicable
and then axially (the number of radial translations was much smaller than the number of axial
translations). This scan configuration was chosen as a compromise between coverage of the whole
discharge channel, total number of points to survey (and hence time to carry out the experiment
and analyse the data) and spatial resolution, particularly around the halo magnetic null region
through which the probe was scanned at r = 23. Due to the low power operating conditions used
during the experiment, it was found that there was no need to retract the probe from the discharge
channel for cooling between sample points.
The Arduino code was configured to permit three modes of operation: manual positioning of
the probe, locating a scan origin, and moving to the coordinates listed on the micro-SD card while
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Figure 3.24: Coordinates sampled by the probe within the thruster discharge channel. The co-
ordinate z∗ refers to the probe axial coordinate, which is related to the thruster axial coordinate z
by z∗ = 50− z.
interfacing with LabVIEW to take measurements at each sample location. Before pumping down
the chamber, the probe was manually positioned at the maximum tolerable probe insertion depth
and proximity to the thruster wall. The origin of the scan was then defined by retracting the probe,
first by the length of the scan region plus a 50 mm offset, and then by the radius of the scan region.
Once motion was referenced to this origin, the probe could not travel beyond the previously set
maximum tolerable radial and axial coordinates. With the probe retracted, the alignment of the
probe at the origin could then be checked relative to the thruster central axis, to verify that the
scan dimensions (measured in motor steps and converted to mm) corresponded to the physical
dimensions of the thruster. Figure 3.25 displays photographs of this zeroing procedure. A dry run
of the scan at atmospheric pressure could then be conducted, after which the probe was returned to
the origin ready for running the experiment under vacuum conditions. The estimated uncertainty
on the probe position at a given sample point using this procedure is most dependent on the initial
manual positioning of the probe, and was estimated to be ±1 mm by measuring with a ruler the
location of the probe tip at the origin relative to the discharge channel in the r and z directions.
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(a) Manual positioning of probe at greatest radial and axial coordinate.
(b) Probe moved by length and width of scan region to define the origin.
(c) Alignment checked using ruler.
Figure 3.25: Photographs of translation stage zeroing procedure and alignment check.
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3.3.5 Scans conducted
Thruster operating conditions were selected for the experiment to give the highest possible an-
ode thrust efficiency, given the performance data collected at DFEPL (see Section 4.1) and the
constraint of the maximum 100 V output of the probe bias sweep:
 5 sccm Xenon anode flow rate, 2 sccm cathode flow rate
 2 A coil current
 100 V anode voltage
 1 A discharge current, 3 A keeper current (4 A total)
The discharge current in the Daedalus chamber of 1 A was approximately 25% greater at 100 V
than the discharge current under otherwise similar conditions at DFEPL. The expected thrust
efficiency during data acquisition based on the data collected at DFEPL is around 10%.
Three probe scans were conducted at the above thruster conditions during the experimental
campaign. 130 sample points were collected over the discharge channel during each scan. Scan 1
made use of a small voltage division increment for the oscilloscope current measurement channel,
which gave high current resolution for low current traces at the expense of total current range (up
to 20 mA). In the following scans the voltage division increment was increased, such that greater
fractions of high current traces were captured (up to 50 mA in Scan 2, 100 mA in Scan 3) at the
expense of current resolution. In processing the data it was found that the load line, the probe I−V
characteristic in the absence of plasma due to current leakage in the biasing circuit, appeared to
change after Scan 1. As a result, for regions in the subsequent scans where the current to the probe
was small (i.e. in low density regions) and the influence of the load line was relatively significant,
this led to unusually shaped traces which were difficult to interpret. Consequently, Scan 1 was the
only scan for which complete interpolated maps could be generated. However, the results of the
subsequent scans in areas of high density (i.e. where the influence of the load line was small) were
consistent with the results of Scan 1. The results from Scan 1 and Scan 3 are presented in Section
4.3, to compare the results at the two extremes of current range and resolution.
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3.3.6 Data analysis procedure
The following procedure was used to generate heatmaps of plasma parameters across the discharge
channel, from analysis of raw probe voltage and current data collected at the sample points dis-
played in Figure 3.24.
3.3.6.1 Trace preparation
The raw data were extracted from the oscilloscope readings and written to CSV files by the Lab-
VIEW VI during a scan, with one file per sample point containing all the input voltages recorded
by the four oscilloscope channels (see Figure 3.20) during the 1 s data acquisition period. The
probe current was obtained from the corresponding raw voltage value by dividing by the value of
the resistor used for current sensing, 100 Ω.
The load line is the probe I −V characteristic collected in the absence of plasma, due to current
leakage in the biasing circuit, and was measured before the experiment was conducted by least
squares fitting to be Ip = 1.443 × 10−5Vb + 7.868 × 10−6. It was assumed that the load line
would not change appreciably throughout the experiment - its contribution to the total current
was negligible for all but the lowest density regions. The load line was subtracted from the raw
data to obtain the total current to the probe due to the plasma.
Independent complete bias sweeps within the triangular waveform generated by the function
generator were identified using peaks in the bias voltage of the probe over time, found by the
MATLAB findpeaks() function. Given that the ±100 V 10 Hz triangular waveform generated by
the function generator was captured over a sampling period of 1 s, typically 20 such independent
traces were extracted from the raw data at each sample point, corresponding to 10 upward and 10
downward bias sweeps. Cuts were then made to exclude any incomplete traces and data outside of
the limits of the oscilloscope’s current measurement range. The prepared data could then be plotted
one trace at a time, as shown in Figure 3.26, allowing manual checks to be made for hysteresis over
the sampling period.
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Figure 3.26: Example Langmuir probe measurement, collected at the discharge channel exit on
the central axis. P1 refers to the primary probe used to conduct measurements. A different
colour is assigned to each bias sweep conducted, moving from blue to red along the MATLAB jet
colourmap. It can be seen that there is limited hysteresis in the measurement. Noise becomes
greater with increasing current, particularly as the probe enters the electron saturation regime
above approximately 60 V.
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3.3.6.2 Voltage binning
In order to facilitate least squares fitting of lines and numerical differentiation, the data collected
required smoothing. For a typical Langmuir probe measurement, noise becomes particularly severe
for electron collection approaching and above the plasma potential, due to low-frequency plasma
oscillations [128] and increases in noise amplitude with increasing current. Approaches to smoothing
can be separated into the two categories of numerical smoothing/filtering and time-averaging. The
use of smoothing/filtering algorithms facilitates analysis of a single noisy trace, while a time-
averaging approach involves collecting many repeat measurements of each I − V point in a trace
to obtain averaged values, with error bars on measured current at a given bias voltage.
Time averaging can either be done in real-time by data acquisition equipment, to obtain a single
slow bias voltage sweep of many-valued points, or by sorting into voltage bins many independent
fast bias sweeps with single-valued points. The former technique was used for the preliminary
experimental campaign in Pegasus [37]. The latter technique was preferred in the experiment
described here, as it preserves time-resolved information on the time scale of a single bias sweep
(allowing hysteresis to be spotted, see Figure 3.26), reduces the time spent in electron saturation for
each sweep and hence thermal stress on the probe, and frequently cleans the probe in ion saturation
between each bias sweep. A similar approach was employed recently to extract the EEPF in the
plume of a HET using a Langmuir probe [156]. This approach, in addition to facilitating analysis
through smoothing, in this case reduced the total number of traces to be analysed by a factor
of 20 compared to the analysis of each independent trace (which would require heavy numerical
smoothing/filtering to analyse), making running of the analysis code more rapid and allowing the
results to be manually checked for anomalous fits.
The use of fine voltage bins results in many points with smaller error bars, which is favourable
for least χ2 fitting to the data, while coarse bins with larger errors bars allow noise to be reduced,
useful when taking numerical derivatives. With some initial experimentation, 2 V bins were found
to give a sufficient compromise between noise and voltage resolution. A 7-point moving average
using the MATLAB smooth() function was then applied to the time-averaged trace, for each voltage
bin n:
In =
1
7
m=n+3∑
m=n−3
Im (3.8)
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and the errors on each current bin n propagated:
σ(In) =
1
7
[
m=n+3∑
m=n−3
σ(Im)
2
] 1
2
(3.9)
Moving averages of 3 and 5 points were used near the end points of the data, with the first and last
voltage bins remaining unchanged by the smoothing algorithm. Figure 3.27 displays the resulting
time-averaged, smoothed trace obtained from the 20 independent traces displayed in Figure 3.26.
Figure 3.27: Time averaged trace used to extract plasma parameters (red), obtained by sorting
raw data (black) into 2 V bins and applying a 7-point moving average smoothing algorithm.
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3.3.6.3 Fit to ion current
With a time-averaged trace generated for a given sample point, an estimate of the floating potential
was made from the interpolated intersection of the trace with the voltage axis. A change in sign of
the averaged current for each bin was used to identify a crossing of the voltage axis, and the points
either side of this crossing, (V+, I+) and (V−, I−), were used to linearly interpolate the value of the
floating potential according to:
I+ − I−
V+ − V− =
0− I−
Vf − V− =⇒ Vf = V− +
V+ − V−
1− I+I−
(3.10)
The ion part of the trace was then defined using an ‘ion offset voltage’ relative to the floating
potential - this value was set at Vf − 5 V for all traces analysed. This region could then be used
to obtain the electron current across the trace, through subtraction of the ion current, and also to
obtain an estimate of the ion density (see Section 2.3.2). The choice of an ion current fit, which
depends on the ion collection regime assumed (see Appendix D for an overview of ion collection
theories) and the choice of ion offset voltage, influences the calculated electron part of the trace
from which the plasma potential, electron temperature (or EEDF) and electron density are inferred.
Owing to their large momentum ions can still be collected at voltages above the floating potential,
but these contributions are generally small relative to the exponentially growing electron current
- the effect is greatest near the floating potential in the transition region, where ion current can
imitate a hot electron population [124].
In this case, owing to the uncertainty in the appropriate ion collection theory to apply at each
sample point ahead of the experiment, a least χ2 linear fit was made to the ion saturation region,
which was extrapolated across the trace to estimate the ion current - this is displayed graphically
in Figure 3.28a. For traces in low density regions, for which the ion current did not saturate to
an approximately constant value with increasingly negative voltage, the linear ion current fit was
not extrapolated to unphysical negative ion currents - instead, where the extrapolated linear ion
current fit entered the positive electron current region, the ion current was set to zero - this is
displayed graphically in Figure 3.28b.
Ion saturation current was then estimated by two methods: extrapolation of the ion current linear
fit to the floating potential (henceforth referred to as the ’extrapolation’ method for ion saturation
current determination) and measurement of ion current 5 V below the floating potential (henceforth
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referred to as the ’offset’ method for ion saturation current determination). Both approaches gave
similar results in regions of the thruster where the ion current strongly saturated. In low density
regions where saturation was weak and the extrapolation method gave an unphysical negative ion
saturation current, the offset method was sufficient for mapping qualitative changes in density.
(a) Strong ion saturation.
(b) Weak ion saturation.
Figure 3.28: Ion saturation region identification (red) using an ion offset voltage of Vf − 5 V and
least χ2 linear fit, with strong and weak ion saturation. The points (Vf , Iisat) and (Vp, Iesat) are
indicated by red circles.
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3.3.6.4 Fit to transition region and electron saturation region
With the ion current identified across the trace, the electron current could be obtained through
subtracting the ion current from the total current. The electron temperature could then be obtained
by fitting a line to the logarithm of the electron current, and the plasma potential by identifying
the knee of the trace (see Section 2.3.2). Points in the transition region near the floating potential
were found to have large error bars when plotted on a logarithmic scale, which disproportionately
influenced the least χ2 fit to the transition region. These points were excluded by setting a minimum
current for inclusion of data in the electron part of the trace. A typical minimum current of 1 mA
was used as a default value for most traces, but was relaxed for low density traces where this
resulted in too few points for a transition region fit. The identification of hot electron populations,
which would be excluded by this approach, was not within the scope of this work.
With the electron part of the trace defined, a first estimate of the plasma potential was made
using the maximum first derivative of the trace (henceforth referred to as the ’maximum first
derivative’ method for plasma potential determination). Multiple least χ2 linear fits of 5-point
span (a compromise between larger spans which are more robust to noise and smaller spans which
have improved voltage resolution) were made to the data, and the maximum first derivative estimate
of the plasma potential was extracted from the highest voltage value included in the fit with the
greatest gradient. The transition region was then defined between the floating potential and this
first estimate of the plasma potential, and a minimum χ2 fit to a minimum of 3 points was made
on a semi-logarithmic scale, allowing the electron temperature to be extracted from the inverse
gradient of the fit (see Equation 2.6).
A second plasma potential estimate was then made, using the intercept of fits to the transition
region and electron saturation region (henceforth referred to as the ’intercept’ method for plasma
potential determination). The electron saturation region was defined using a positive offset voltage
relative to the initial maximum first derivative plasma potential estimate. A least χ2 linear fit
was made to the electron saturation region on a semi-logarithmic scale, and the intercept of this
fit with the transition region fit was used to extract a second plasma potential estimate and a
corresponding electron saturation current at the plasma potential. For traces which did not have
sufficient points in the electron saturation region to use the intercept method, only the maximum
first derivative method was used. The offset voltage relative to the maximum first derivative plasma
potential estimate, used to define the electron saturation region, was found to have some influence
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on the intercept method plasma potential estimate and electron saturation current - smaller offsets
included parts of the knee in the electron saturation region, leading to an intercept at lower voltage,
while using a larger offset voltage reduced the number of points in the electron saturation region
used in the fit. A default electron saturation offset voltage of 10 V was used for the majority
of traces, but the offset was used as a tuneable fitting parameter in the event of an anomalous
intercept or insufficient data in the electron saturation region. Figure 3.29 displays graphically the
fits made to the transition and electron saturation regions, for the trace displayed in Figure 3.27.
Figure 3.29: Least χ2 fits to transition region and electron saturation region on a semi-logarithmic
scale, used to determine the electron temperature, intercept plasma potential and electron satura-
tion current.
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3.3.6.5 Calculation of ion/electron densities
Using the values obtained for the ion saturation current and electron temperature, the ion density
was estimated using Equation 2.3 according to the thin sheath approximation. An estimate of
electron density was also made using the measured electron saturation current (when sufficient
points were available for a fit to the electron saturation region) according to Equation 2.5. A
second estimate of electron density was made by extracting the EEPF from the second derivative
of the trace, using the Druyvesteyn method. The EEPF was obtained and integrated according to
the procedure outlined in Ref. [129]. Coarse 10 V bins were required to overcome excessive noise
in calculation of the second derivative, using a 3-point finite difference method for each voltage bin
n:
d2I
dV 2
∣∣∣
n
=
2In−1
(Vn − Vn−1)(Vn+1 − Vn−1) −
2In
(Vn+1 − Vn)(Vn − Vn−1) +
2In+1
(Vn+1 − Vn)(Vn+1 − Vn−1)
(3.11)
for which errors were propagated according to:
σ
(
d2I
dV 2
∣∣∣
n
)2
=
[
2σ(In−1)
(Vn − Vn−1)(Vn+1 − Vn−1)
]2
+
[
2σ(In)
(Vn+1 − Vn)(Vn − Vn−1)
]2
+
[
2σ(In+1)
(Vn+1 − Vn)(Vn+1 − Vn−1)
]2 (3.12)
Figure 3.30 displays the numerical second derivative calculated using the data displayed in Figure
3.26 sorted into 10 V bins. The errors in the measurement were high as a result of noise in the second
derivative, uncertainty in the plasma potential (and therefore the cut-off point for integration) and
the presence of magnetic fields (which suppress electron collection near the plasma potential and
distort the EEPF).
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Figure 3.30: Second derivative of 10 V binned data of Figure 3.26, indicating the location of Vp
with a red circle. An estimate of the electron density was obtained by calculating the EEPF from
this second derivative according to the procedure of Ref. [129] and integrating over all electron
energies, where electron energy is determined from the voltage relative to the plasma potential.
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3.3.6.6 Post-processing
The results of the analysis at each sample point were stored in a spreadsheet, and matched to
spatial locations in the discharge channel. The results were then plotted along the three axial paths
displayed in Figure 3.24, excluding flagged anomalous points, and an 11-point moving average was
applied to the data to obtain the overall trends over the discharge channel. The smoothed curves
were then linearly interpolated on a 1×1 mm grid in the radial direction to produce heat maps of
plasma parameters, and the magnetic field vectors at each sample point were overlaid on the data
for reference. An example of the final data product is displayed for the floating potential, Vf , in
Figure 3.31.
118
Figure 3.31: Floating potential measurements obtained for Scan 1. The anode and channel exit are
located at z = 0 and z = 49 respectively. Magnetic field line vectors are overlaid on the heatmap
for reference.
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3.3.7 Assessment of uncertainties
Sources of uncertainty for the above procedure are discussed in the following section, before conclud-
ing with a summary of total estimated uncertainties on the plasma potential, electron temperature,
ion density and electron density values obtained.
3.3.7.1 Discharge perturbation
Perturbation to the parameters to be measured is an inevitable consequence of invasive probe
measurements. Given that there is incomplete theoretical understanding of unperturbed magnet-
ised discharges, it is not feasible to estimate the errors on plasma parameters due to discharge
perturbation at each point in the discharge channel, especially for a new thruster design for which
there is no a-priori knowledge of plasma parameters. Instead, the typical approach for assessment
of severity of perturbation is to measure changes in the discharge current between the perturbed
and unperturbed regimes (see Section 2.3.7) [51, 70, 84, 143, 144, 147]. It has been suggested that
discharge perturbation is primarily due to secondary electron emission from the probe shaft in
regions of high electron temperature and density [143, 147].
At each sample point, the discharge current was recorded by the oscilloscope simultaneously
with the probe current. The average current over the measurement was calculated and plotted
on an interpolated heatmap, using the same procedure as that used to post-process the results
of the probe measurements. The standard deviation of the discharge current measured in each
case was 0.4 A. The discharge current heatmap obtained for Scan 1 is displayed in Figure 3.32 -
similar results were obtained for Scans 2 and 3. It can be seen that along the r = 0 and r = 12
axial paths, the discharge current increased with increasing probe insertion. The rate of change of
discharge current was largest along the thruster central axis and decreased with increasing radius.
At the channel outer radius, the discharge current actually slightly decreased with increasing probe
insertion. Throughout the experiment the discharge current was found to vary by less than 6%
relative to the unperturbed value of 0.98 A. An advantage of operating at low power appears to
be reduced perturbation to the discharge compared to other studies [51, 70, 84, 143, 144]. The
relatively low discharge current perturbation observed here was probably due to the low discharge
voltage and power conditions of operation for the thruster, resulting in relatively low electron
temperatures and densities.
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Figure 3.32: Discharge current axial profiles and interpolated map, obtained from the average
discharge current during the 1 s of data acquisition at each sample point, for Scan 1. The anode and
channel exit are located at z = 0 and z = 49 respectively. Magnetic field line vectors are overlaid on
the heatmap for reference. The unperturbed discharge current was 0.98 A. The standard deviation
on each current is 0.4 A.
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3.3.7.2 Uncertainty on probe currents and minimum χ2 linear fits
The statistical uncertainty on probe current at each bias voltage was estimated in the process of
voltage binning, and was largest for currents in the electron saturation regime, approaching as
much as ±50% of the measured current in a voltage bin in some extreme cases. This uncertainty
on the current for each voltage bin affected estimation of the electron temperature and plasma
potential through affecting the best fits to the transition and electron saturation regions, displayed
in Figure 3.29. The selected best fits minimised χ2 for the linear fits to the transition region,
Itrans = atrans + btransV , and to the electron saturation region, Iesat = aesat + besatV . The electron
temperature and intercept plasma potential were obtained from the fit parameters as follows:
Te =
1
btrans
, Vp =
aesat − atrans
btrans − besat (3.13)
The uncertainties on atrans, aesat, btrans and besat were found to have a negligible influence on
the determination of electron temperature and plasma potential relative to the other sources of
uncertainty discussed here. The reason for this can be seen graphically in Figure 3.29 - the data
in the transition and electron saturation regions were for the vast majority of traces very well
approximated by linear fits.
3.3.7.3 Sensitivity to analysis input parameters
The sensitivity of the results to the tuneable analysis input parameters was investigated at the
two representative sample points displayed in Figure 3.28, for Scans 1 and 3, in order to estimate
uncertainties. Each input parameter was varied away from its nominal value while holding all other
parameters constant according to Table 3.4, and the standard deviation of the perturbed results
and the nominal results was used to estimate uncertainties. The results are displayed in Table 3.5.
It can be seen that the estimated error on the plasma potential due to the choice of input
parameters was order 10 V for both the maximum first derivative and intercept methods. The
total error was dominated by the error due to the span of points used to find the maximum
gradient of the trace. This affected estimates of the plasma potential using the maximum first
derivative method, and also as a result the definition of regions of interest to which fits were made
to estimate the intercept plasma potential. The error on the plasma potential due to the voltage
bin width used was in most cases similar in size to the voltage bin width.
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Analysis input Nominal Perturbed
Voltage bin width 2 V 1 V, 3 V
Moving average span 7 pts 5 pts, 3pts
Ion current subtraction Yes No
Minimum electron current 1 mA 0 mA, 2 mA
Span of fit to determine maximum gradient 5 pts 3 pts, 7 pts
Ion saturation offset voltage 5 V 10 V, 15 V
Electron saturation offset voltage 20 V 10 V, 15 V
Table 3.4: Input parameters to analysis code and values used to assess the sensitivity of the results
to the specifics of the procedure used. Each perturbed parameter was tested while holding all
others constant, except that when varying the voltage bin width, the span of fit to determine the
maximum gradient was also varied such that the span in voltage remained the same (approximately
10 V).
The error on the electron temperature is a few eV, and is most affected by not subtracting the
ion current and by the choice of the maximum gradient fit span (which affects the definition of the
transition region).
The smaller absolute error on the electron density relative to the ion density is misleading -
the electron densities were smaller than the ion density estimates by as much as two orders of
magnitude in some cases, on order ±1× 1016 m−3. The estimated errors on order ±1× 1016 m−3
therefore represent percentage errors of around 50-100%. The electron density underestimation
probably occurs as a combined result of underestimation of Vp (a 10 V underestimation of Vp
results in reduction of the measured electron saturation current, and hence electron density, by a
factor exp(10/Te) ≈ 3) and suppression of electron saturation current by the presence of magnetic
fields. The latter effect is expected to be dominant [138, 139]. The error on the ion density of
around ±3× 1017 m−3 is around 100% or more of the lowest densities measured, and around 25%
of the highest density measured.
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3.3.7.4 Additional systematic uncertainties on plasma potential
The intercept method consistently estimated Vp approximately 10 V (around 1 Te) above the
maximum first derivative method, resulting in an additional estimated systematic error on the
plasma potential of ±5 V. Using the zero-crossing of an accurately measured EEPF would have
given the most accurate result (which generally lies between the two methods used here), but would
also have required a more sophisticated experimental setup and analysis to extract the EEPF with
confidence - the most reliable estimate in this case is likely the maximum gradient method [124, 137].
In any case, the trends using each method were found to be very similar.
The limits on the bias sweep voltage range (±100 V) and current measurement range for Scan 1
(20 mA) introduced an additional uncertainty on the plasma potential, and hence also the electron
density. Since data could not be collected at voltages above the discharge voltage of 100 V, close to
the anode the knee could not be fully resolved and the plasma potential was taken only using the
maximum first derivative method. Similarly, when the probe current exceeded the maximum range
set by the oscilloscope analogue to digital converter, data in the electron saturation region was lost,
and the plasma potential was taken only from the maximum first derivative. Figure 3.33 displays
collected traces from the same spatial location in the discharge channel, from Scan 1 and Scan 3.
The traces can be seen to be essentially identical, except that the knee is only fully resolved in Scan
3 - this resulted in an estimate of approximately 40 V for the plasma potential from Scan 1 using
the maximum first derivative method, and approximately 50 V from Scan 3 using the intercept
method. Since any uncertainty in Vp due to truncation of traces arises through differences between
the maximum first derivative method and the intercept method, an additional source of error is
not included here.
At large currents near the plasma potential, there may have been an additional uncertainty on
the probe voltage, due to a relatively large voltage drop across the electrical connections between
the point of voltage measurement and the probe. A current of 100 mA drawn to the probe and a
relatively large resistance of 1 Ω between the probe and the point of voltage measurement would
result in a 0.1 V overestimate of the probe potential, so the effects of this source of uncertainty are
likely limited here.
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(a) Scan 1, current limit 20 mA, Vp = 40 V using maximum first
derivative method.
(b) Scan 3, current limit 100 mA, Vp = 40 V using maximum
first derivative method and 50 V using intercept method.
Figure 3.33: Comparison of traces collected at the same spatial coordinate in the discharge channel,
with different current limits defined by the oscilloscope settings.
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3.3.7.5 Additional uncertainties on ion density
Ion density was obtained from the thin sheath approximation and the measured ion saturation
current as follows (see Equation 2.3):
ni =
Iisat
αeAvB
(3.14)
vB depends on the square root of Te and can be considered constant across the discharge channel
to good approximation here - the error on the ion density due to the error on Te is negligible in
comparison to other errors considered below.
Contributions to uncertainty in the ion saturation current Iisat (in addition to those introduced
by choice of analysis input parameters, discussed above) included the limited current resolution
of the oscilloscope analogue to digital converter and uncertainty in the load line. The current
resolutions for Scans 1, 2 and 3 were 0.1 mA, 0.2 mA and 0.4 mA respectively, which represent
negligible errors in comparison to others considered. The effect of the load line was important only
in regions of low density (electron saturation currents of order 10 mA). The load line was evaluated
before all scans were conducted, but appeared to change after Scan 1 on inspection of the data.
Not knowing the load line to high accuracy introduces errors on the floating potential, which
in turn introduces errors on the estimated ion saturation current, since both the offset method
and extrapolation method are referenced to the floating potential. Between Scan 1 and Scan 3,
differences in the load line correspond to an additional estimated uncertainty in the ion density of
±5× 1017 m−3.
In assessing contributions to uncertainty in the probe area, it was found using scanning electron
microscopy (see Figures 3.18 and 3.19) that the probes used were cylindrical to good approxim-
ation, and that the diameter did not change appreciably relative to a control over the course of
the experiment. The length of the current collecting cylinder is probably the source of greatest
uncertainty in determination of the area, as it is difficult to measure the protruding length of the
probe wire to high precision, and the sheath around the probe holder interacts with the sheath
around the probe wire to change the length over which current is collected. However, the scanning
electron microscope images displayed cleaning of the probe along a length of approximately 1 mm,
the intended collection length. The error on the area is estimated to be ±20 % accounting for
the deviation from cylindrical geometry of the probe at the tip over a length of around 0.2 mm
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compared to the assumed length of 1 mm. Taking the worst case for the largest measured ion
density of around 2× 1018 m−3, this corresponds to an additional uncertainty of ±4× 1017 m−3.
The error on the value of ni, given a measured Iisat, is governed by the error on α, the fraction
of current reaching the probe from the sheath edge, and A, the collection area of the probe, which
is only approximately equal to the surface area of the probe when the sheath is thin. In regions
of large Debye length (low density), several effects act to influence the effective values of α and A
(see Appendix D). Orbital motion effects effectively act to reduce α, so neglecting these effects and
using an overestimated α in Equation 3.14 should lead to an underestimated density. On the other
hand, sheath expansion effects in low density regions act to increase A, so neglecting these effects
and using an underestimated A should lead to an overestimated density using Equation 3.14. In
addition to orbital motion and sheath expansion in low density regions, ion-neutral collisions in the
sheath may increase or decrease α depending on the balance between destruction of orbital motion
and elastic scattering of ions away from the probe. Given the lack of a-priori knowledge of plasma
parameters and the lack of a complete ion collection theory, it is not clear how one might calculate
the uncertainty due to the choice of α = 0.6 and A equal to the probe surface area (i.e. thin sheath
approximation) in Equation 3.14, without significantly increasing the computational cost of the
analysis procedure through the comparison of several complicated ion collection theories. However,
the determining factor for whether orbital motion or sheath expansion effects are important, the
Debye length, is inversely proportional to the square root of the density. Therefore any error will be
most severe in regions where the density is small - these are of less importance in determining the
location of the dominant ionisation regions in the thruster, which was the aim of this experiment.
In regions of high density, the ion current saturates strongly and the thin sheath approximation is
valid (see for example Figure 3.28a).
For Scan 1, the difference between ion density estimates using the offset and extrapolation
methods was around ±1 × 1017 m−3, but for Scan 3 differences of approximately ±5 × 1017 m−3
were observed. This is likely due to differences in the load line between scans, and as such is not
attributed to differences between the methods used here.
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3.3.7.6 Statistical uncertainties
As a result of the voltage binning procedure used, statistical errors on plasma parameters at a
single point could not be estimated, since only one value of each plasma parameter was calculated
at each sample point. Instead, in this case statistical errors were assessed by observing the spread
of adjacent results around smoothed fits, and the spread of results between different scans. The
statistical uncertainties on plasma potential and electron temperature were estimated from the
spread of the data to be ±5 V and ±2 eV respectively across most of the discharge channel -
this was consistent with the observed differences between scans. The statistical uncertainty on ion
density from observation of the spread of data within a single scan is estimated to be ±1×1017 m−3.
This error is small in comparison to the systematic uncertainties discussed above, which account
for the differences between scans.
3.3.7.7 Total uncertainties
The total uncertainties on the plasma potential, electron temperature and ion/electron density
were estimated from the contributions discussed above:
 Plasma potential: total uncertainty ±12 V
– Sensitivity to analysis inputs: ±10 V
– Difference between maximum gradient and intercept methods: ±5 V
– Statistical uncertainty: ±5 V
 Electron temperature: total uncertainty ±3.5 eV
– Sensitivity to analysis inputs: ±3 eV
– Statistical uncertainty: ±2 eV
 Ion density: total uncertainty ±7× 1017 m−3
– Sensitivity to analysis inputs: ±3× 1017m−3
– Difference between offset and extrapolation methods: ±1× 1017 m−3
– Uncertainty in the load line: ±5× 1017 m−3
– Uncertainty in the probe surface area: ±4× 1017 m−3
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– Statistical uncertainty: ±1× 1017 m−3
 Electron density: total uncertainty ±3× 1016 m−3
– Sensitivity to analysis inputs: ±3× 1016 m−3
– Difference between electron saturation and EEPF integration methods: ±1× 1016 m−3
– Statistical uncertainty: ±1× 1016 m−3
The estimated total uncertainties on the plasma potential, electron temperature and ion density
are similar to those quoted elsewhere in the literature [70, 84, 124, 131, 137, 143, 144]. The sizes of
the errors are sufficient to resolve broad trends in plasma parameters over the discharge channel.
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Chapter 4
Results and Discussion
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4.1 Nominal thruster performance
4.1.1 I − V characteristics
The nominal I − V characteristics of the thruster collected at DFEPL displayed in Figure 4.1
demonstrate similar behaviour to that of a HET. The discharge current reaches a peak with in-
creasing discharge voltage before stabilising to an approximately constant value, around which
performance is optimised due to maximum propellant and current utilisation at a given operating
condition (see Figure 2.4). The peak in discharge current moves to higher current with increasing
anode flow rate and higher voltage with increasing coil current (magnetic field strength). For a coil
current of 2 A (which results in the greatest thrust efficiencies), the constant current region occurs
above approximately 200 V. The most complete I − V curves were those for 10 sccm and 15 sccm
anode flow: the current (5.5 A) and voltage (314 V) limits of the power supply and the power limit
of 800 W set for the experiment meant that the constant current regions for the 5 sccm (limited
by voltage) and 20 sccm (limited by current and power) anode flow rates were surveyed to a lesser
extent.
Figure 4.1: Current-voltage characteristic curves from experimental campaign at DFEPL, for four
Xenon anode flow rates and three coil currents. Lines of constant power are displayed for reference,
in 100 W increments from 100 to 800 W.
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4.1.2 Thrust, specific impulse and thrust efficiency
All metrics of performance are improved with increasing magnetic field strength (proportional to
coil current, see Figure 3.4) for all flow rates, as propellant and current utilisation are increased
through enhanced electron confinement in ~E× ~B drifts. Figure 4.2 displays trends in anode thrust
efficiency with increasing magnetic field strength for the 15 sccm flow rate condition, for which the
constant current region of the I − V curve was most surveyed (see Figure 4.1). There are no signs
of saturation of performance with increasing magnetic field strength, suggesting room for further
improvement.
Figure 4.2: Anode thrust efficiency as a function of discharge (anode) power for three magnetic field
strengths (coil currents) at a 15 sccm Xenon anode flow rate, demonstrating improved performance
with increasing magnetic field strength.
Figure 4.3 displays a broadly linear relationship between thrust and power over the flow rates
surveyed, with an average power to thrust ratio of around 35 W/mN. The lack of clear plateaux
in thrust with increasing power is indicative of the limited surveying of constant current regions,
as can be seen in Figure 4.1.
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Figure 4.3: Measured thrust as a function of discharge (anode) power, for four Xenon anode flow
rates at the maximum magnetic field strength surveyed (2 A coil current). A least squares linear
fit to the data gives an estimated power to thrust ratio of 35 W/mN.
Lower anode flow rates result in greater rates of increase in specific impulse and thrust efficiency
with power, as can be seen in Figures 4.4a and 4.4b - this can be understood using the definitions
of Isp and η (see Equations 1.6 and 1.7) and the approximately constant power to thrust ratio
γ = P/F :
Isp =
P
m˙g0γ
(4.1)
η =
P
2m˙γ2
(4.2)
Predictions for Isp and η given the measured value of γ = 35 W/mN are plotted for each mass
flow rate in Figures 4.4a and 4.4b respectively. It can be seen at low powers that for each flow
rate surveyed, specific impulse and thrust efficiency increase linearly with power in agreement with
Equations 4.1 and 4.2. At higher powers, performance appears to increase to a greater extent than
that predicted by the linear trend before reaching a plateau. The plateaux occur in the constant
current regions of the I − V curves, above 200 V anode voltage.
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Figure 4.4: Anode specific impulse and thrust efficiency (neglecting cathode flow rate, keeper
power and electromagnet coil power) for four Xenon anode flow rates at the maximum magnetic
field strength surveyed (2 A coil current). Estimates for each anode flow rate condition, given a
35 W/mN power to thrust ratio, are plotted using Equations 4.1 and 4.2, and show good agreement
with the data.
(a) Anode specific impulse as a function of discharge (anode) power.
(b) Anode thrust efficiency as a function of discharge (anode) power.
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Figure 4.5 displays a plot of anode thrust efficiency and discharge current versus discharge
voltage, for the 15 sccm case, for which the constant current region of the I − V curve was most
surveyed - anode thrust efficiency can clearly be seen to reach a plateau above 200 V, in the constant
current region. The same can be seen to be the case for the 5, 10 and 20 sccm cases in Figures 4.6
to 4.8. The plateaux in performance probably correspond to maximum propellant utilisation (see
Section 2.1.2) - however, direct measurements of ion current in the plume are required to confirm
that this is indeed the case.
Figure 4.5: Anode thrust efficiency (neglecting cathode flow rate, keeper power and electromagnet
coil power) and discharge current as functions of discharge (anode) voltage, for a 15 sccm Xenon
anode flow rate at the maximum magnetic field strength surveyed (2 A coil current).
Thrust and specific impulse display a characteristic square root dependence on voltage, as can
be seen in Figures 4.6 and 4.7. This is to be expected due to the conversion of electric potential
energy to kinetic energy of outgoing ions:
ue =
√
2e(V − V∗)
mi
=⇒ F = m˙
√
2e(V − V∗)
mi
, Isp =
1
g0
√
2e(V − V∗)
mi
(4.3)
The zero crossing voltage, V∗, is likely related to the average energy cost of ionisation including
all losses, and can be seen to be approximately 60 V.
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Figure 4.6: Measured thrust as a function of discharge (anode) voltage, for four Xenon anode flow
rates at the maximum magnetic field strength surveyed (2 A coil current).
Figure 4.7: Anode specific impulse (neglecting cathode flow rate) as a function of discharge (anode)
voltage, for four Xenon anode flow rates at the maximum magnetic field strength surveyed (2 A
coil current).
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Figure 4.8: Anode thrust efficiency (neglecting cathode flow rate, keeper power and electromagnet
coil power) as a function of discharge (anode) voltage, for four Xenon anode flow rates at the
maximum magnetic field strength surveyed (2 A coil current).
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Table 4.1 displays a sample of approximate operating setpoints at 2 A coil current for comparison.
It can be seen in Figure 4.8 that peak anode thrust efficiency is greatest at low flow rates and high
voltages, reaching around 23-24% with 5 sccm and 10 sccm anode flow rates above 300 V. This
might be explained by a reduction in wall losses and classical electron cross-field transport as anode
flow rate is decreased. Anode thrust efficiencies greater than 25% might be achievable at anode
flow rates below 5 sccm, but this would come at the costs of reduced thrust and a possibly greater
anode voltage than the maximum 314 V used in this experiment. A higher magnetic field strength
would also likely increase anode thrust efficiency, though potentially at the expense of total thrust
efficiency through overheating of electromagnets.
m˙ Pd Vd F Anode Isp Total Isp Anode η Total η
5 sccm 200 W 314 V 7 mN 1450 s 1000 s 24% 10%
10 sccm 500 W 314 V 15 mN 1550 s 1300 s 23% 15%
15 sccm 600 W 210 V 18 mN 1250 s 1100 s 19% 14%
15 sccm 800 W 300 V 21 mN 1500 s 1300 s 20% 15%
20 sccm 800 W 200 V 24 mN 1200 s 1100 s 18% 14%
Table 4.1: Sample operating setpoints across a range of discharge powers Pd and voltages Vd, at
the maximum magnetic field strength surveyed (2 A coil current).
It can also be seen in Figure 4.9 and Table 4.1 that the total specific impulse and total thrust
efficiency are actually lowest for the 5 sccm case, which looks the most promising case in terms of
anode specific impulse and anode thrust efficiency. This is a result of the cathode flow rate, keeper
power and coil power being relatively large compared to the anode flow rate and discharge power
at the lowest power conditions, although neither the cathode nor magnetic circuit are optimised
for this thruster. Given power and voltage constraints of 800 W and 314 V, it appears that the
thruster in its current guise performs best at powers around 300-400 W. This is consistent with
the findings of initial performance characterisation of the thruster conducted at high background
pressure and cathode flow rate in the Daedalus vacuum facility [35, 36].
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Figure 4.9: Total specific impulse and thrust efficiency (including cathode flow rate, keeper power
and electromagnet coil power) as functions of discharge (anode) power, for four Xenon anode flow
rates at the maximum magnetic field strength surveyed (2 A coil current).
(a) Total specific impulse as a function of discharge (anode) power.
(b) Total thrust efficiency as a function of discharge (anode) power.
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4.1.3 Comparison with CHTs
The EE-Halo thruster exhibits comparable, if inferior, performance to OIT and KAIST FCHTs
of similar channel diameters and radial magnetic field strengths [84, 88], as shown in Figure 4.10.
Interpolating the performance trends of the thruster at the 7 sccm anode flow rate used in the
KAIST 5 cm FCHT data at 300 W, the thruster is estimated to produce around 9 mN thrust at
24% thrust efficiency, compared to around 12 mN thrust at 35% thrust efficiency for the FCHT. It
can also be seen that significant increases in thrust efficiency can be gained with increasing magnetic
field strength in the OIT 5.6 cm FCHT. Both the OIT and KAIST FCHTs are considerably more
optimised in terms of magnetic field topology (direct configuration) and channel geometry (no
annular region, optimised channel length in the case of the KAIST thruster according to previous
studies [86, 87]) than the EE-Halo thruster laboratory model, which goes some way to explaining the
performance deficit. Optimisation of the thruster channel geometry and magnetic field topology, as
well as increasing the magnetic field strength, ought to bring performance of the EE-Halo thruster
at least in line with these CHTs. The use of the halo as a region of reduced magnetic field strength
might be greater exploited by locating it near the anode, as has been suggested for improving CHT
performance, and not separating it from the anode by a magnetic field barrier [89, 91].
Figure 4.11 displays a survey of electromagnet and permanent magnet CHT performance data
collected by A. Lucca-Fabris, with the EE-Halo thruster shown for comparison. It would seem that
electromagnet thrusters with channel diameters of 2.6 to 5.6 cm and radial magnetic field strengths
of 300 G or greater perform well at power levels of several hundred W [71, 84, 88, 92], while at
100 W or below, permanent magnet thrusters with channel diameters of 1.4 to 3 cm and radial
magnetic field strengths of as much as 700 G may be more suitable [85, 91].
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Figure 4.10: Comparison of EE-Halo thruster nominal thrust and thrust efficiency with comparable
thrusters under similar operating conditions, the KAIST 5 cm and OIT 5.6 cm direct-configuration
FCHTs [84, 88]. The performance of the EE-Halo thruster at 7 sccm was estimated by interpolating
between the experimentally tested 5 sccm and 10 sccm cases, using the measured power to thrust
ratio of 35 W/mN and the resulting prediction for anode thrust efficiency given by Equation 4.2.
(a) Thrust as a function of discharge power.
(b) Anode thrust efficiency as a function of discharge power.
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Figure 4.11: Survey of CHT performance data, with EE-Halo thruster included for comparison
[71, 84, 85, 88, 91, 92].
(a) Thrust as a function of discharge power.
(b) Anode thrust efficiency as a function of discharge power.
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4.2 Facility effects and inter-chamber comparison
Details of the experimental setups used to obtain the performance data collected at SSC referred to
in this section can be found in Appendix C. It can be seen in Figure 4.12 that for identical 8 sccm
Krypton anode flow rates and coil currents the thruster I − V characteristics show qualitatively
different behaviour in the Pegasus and Daedalus chambers [41]. This is probably due to the order
of magnitude difference in background pressure between the chambers (5× 10−5 torr in Daedalus
and 5×10−4 torr in Pegasus, see Table 3.1) but also possibly due to the different cathodes used. In
Pegasus the discharge current increases with increasing discharge voltage, rather than remaining
approximately constant after a peak, as is observed in HETs and in the I − V characteristics
collected in Daedalus and at DFEPL (see Figure 4.1). This may be due to additional heating of
background gases with increasing power, resulting in an increase in propellant ingestion, or it may
be due to more fundamental changes in the discharge as a result of the high background pressure
(see Section 2.2.3).
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Figure 4.12: Thruster I−V characteristics using Krypton in the two SSC vacuum facilities Pegasus
and Daedalus. Lines of constant power are displayed for reference, in 100 W increments from 100
to 500 W.
(a) Pegasus, for two anode flow rates and two coil currents [41].
(b) Daedalus, for three anode flow rates and two coil currents.
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Figure 4.13 displays comparisons of thrust and anode thrust efficiency data collected at SSC and
DFEPL. It would appear that the power to thrust ratio is reasonably consistent across chambers
at approximately 35 W/mN. There is relatively little difference between the data for comparable
mass flow rates of 8 sccm Kr and 5 sccm Xe in Pegasus and at DFEPL, for which the cathode flow
rates were low, but the data collected using a high cathode flow rate in Daedalus display markedly
inflated thrust and anode thrust efficiency compared to DFEPL. It can also be seen in Figure 4.13
that for the data collected at DFEPL, measurements taken with the same high cathode flow rate
as that in Daedalus of 10 sccm Xe lay closer to the Daedalus data, suggesting that facility effects
on performance become more pronounced when both the pumping speed is relatively low and the
cathode flow rate is relatively high. The effects of background pressure alone due to injecting an
additional 20 sccm at the far side of the chamber at DFEPL were neglible, suggesting that cathode
flow rate is the dominant factor in explaining the discrepancy with the Daedalus data (with the
effect amplified due to the lower pumping speed). This might be understood as a result of the
combined effects of increased cathode emission with larger flow rates, leading to greater measured
performance in a similar fashion to CHTs [73–75], and the close proximity of the cathode orifice to
the discharge channel exit, leading to greater propellant ingestion by the thruster.
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Figure 4.13: Comparison of measured thrust and anode thrust efficiency across different vacuum
facilities, cathode flow rates and additional flow rates, at a coil current of 1 A. Comparable anode
mass flow rates of 5 sccm Xenon and 8 sccm Krypton are compared between Pegasus and DFEPL,
while identical 10 sccm Xe mass flow rates are compared between Daedalus and DFEPL. The labels
‘a’, ‘b’ and ‘c’ refer to anode flow rate, additional flow rate to artificially increase background
pressure, and cathode flow rate respectively [36, 41].
(a) Thrust as a function of discharge (anode) power.
(b) Anode thrust efficiency as a function of discharge (anode) power.
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In summary, it would appear that the discrepancies between performance data collected at SSC
and at DFEPL can be primarily explained by differences in cathode flow rate, which are further
exaggerated by differences in pumping speed. Results collected at high cathode flow rates and
background pressures should be treated with caution, as measured performance under these condi-
tions is likely to be inflated relative to what might be expected in typical flight conditions. For an
externally neutralised thruster, any genuine increase in performance with increasing cathode flow
rate will likely be outweighed by a large penalty in total specific impulse and total thrust efficiency,
unless the propellant exiting the cathode could somehow be re-used. It would be interesting to
investigate the effects of cathode position and flow rate on the performance of the EE-Halo thruster
under high vacuum conditions, to see if any advantages could be gained by, for example, directing
the cathode orifice towards the discharge channel exit such that propellant re-ingestion is deliber-
ately increased. Such a configuration has recently been investigated in attempting to control the
Electron Energy Distribution Function (EEDF) in a HET, by increasing conductivity between the
cathode and thruster [156].
The results collected at DFEPL are the most robust in terms of sensitivity to facility effects. It
would seem that the SSC Pegasus vacuum facility is not suitable for accurate I − V and thrust
measurements using flow rates of order 5-10 sccm Kr investigated to date, but is sufficient for a rough
gauge of performance - peak anode thrust efficiency is around 20% both in Pegasus using Krypton
and at DFEPL using Xenon. The thruster I − V characteristics in the Pegasus chamber display
qualitatively different behaviour with increasing power compared to Daedalus and DFEPL. Future
thrust measurement campaigns in the Daedalus vacuum facility should aim to keep background
pressures in the low 10−5 torr range, comparable to that seen at higher flow rates at DFEPL - this
should be achievable using a thruster with a smaller discharge channel optimised for low powers,
allowing for efficient operation at lower anode and cathode mass flow rates.
These findings are consistent with studies of facility effects for larger discharge channel area HETs
- the smaller discharge channel of the EE-Halo thruster does not appear to reduce the severity of
facility effects around the typically quoted target pressure of 5× 10−5 torr [106], and so it is likely
that more fundamental effects on the discharge, such as changes to plasma oscillations leading to
increased electron cross-field transport, or changes to the locations of ionisation and acceleration,
are occurring at high background pressures than an effective increase in the mass flow rate alone
(see Section 2.2.3) [108].
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4.3 Axial profiles and heatmaps of plasma parameters
4.3.1 Plasma potential
The measured plasma potential distributions displayed in Figures 4.15 to 4.17, using the maximum
first derivative and intercept methods for both Scans 1 and 3 (using two extremes of current
measurement range and resolution, see Section 3.3.5), display the same qualitative behaviour across
the discharge channel. There is a strong radial component to the electric field, with the potential
decreasing from the outer radius to the centre line of the thruster. This means that ions produced
near the anode are accelerated away from the discharge channel walls, resulting in ion beams
converging on the central axis. The radial component of the electric field in the annular part of
the discharge channel likely results in high levels of ion bombardment of the central pole piece -
this will act to limit performance and lifetime. Figure 4.14 shows the cleaning of the central pole
from around z ≈ 5 mm. The axial potential drop occurs predominantly at the boundary between
the annular and cylindrical regions, and between the halo and null point, where there is a strong
magnetic field barrier to electron diffusion.
Figure 4.14: Close-up photograph of discharge channel erosion, taken after all experiments.
The reduced magnetic field strength around the halo appears to allow a region of high potential
to extend from the anode further towards the cylindrical part of the channel along the channel
outer radius. The halo appears to form a path of low resistance for electron diffusion to the anode
- near the anode, the plasma potential is close to the anode voltage at the anode outer radius (near
the halo), but is around 20 V below the anode voltage at the anode inner radius, where there is a
strong radial magnetic field barrier.
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Figure 4.15: Plasma potential axial profiles and interpolated heatmap, obtained using the maximum
first derivative method, for Scan 1. The total uncertainty on each point is estimated to be ±12 V
(see Section 3.3.7).
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Figure 4.16: Plasma potential axial profiles and interpolated heatmap, obtained using the intercept
of the transition region and electron saturation region fits in the semi-log plot, for Scan 1. The
total uncertainty on each point is estimated to be ±12 V (see Section 3.3.7).
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(a) Maximum first derivative method.
(b) Intercept method.
Figure 4.17: Plasma potential axial profiles obtained using the maximum first derivative and in-
tercept methods, for Scan 3. The total uncertainty on each point is estimated to be ±12 V (see
Section 3.3.7). 152
Along the outer radius of the discharge channel, there is a local maximum in plasma potential
at z ≈ 40 mm. This might be explained as a result of an ion beam traveling from the far side
of the thruster impinging on the discharge channel wall, accumulating positive space-charge -
this section of the discharge channel appeared to be thoroughly cleaned, as displayed in Figure
4.14. Optimisation of the discharge channel length and magnetic field topology should act to limit
impingement of outgoing ions on the thruster walls, resulting in improvements in performance and
lifetime.
The intercept method, where there are sufficient points in the electron saturation part of the
trace for it to be employed (which is the case more frequently for Scan 3 than for Scan 1), tends to
result in plasma potential estimates around 10 V greater than that of the maximum first derivative
method, as discussed in Section 3.3.7. Compare, for example, the downstream local maxima in
plasma potential at r = 23 mm, z ≈ 40 mm - the peak value is 50 V in Figures 4.15 and 4.17a and
60 V in Figures 4.16 and 4.17b. Also, the plasma potential along the central axis in Figures 4.15,
4.16, for which the maximum first derivative method was used (as a result of high trace currents
in this region limiting the number of points in electron saturation for Scan 1) and 4.17a, is around
40 V, while in Figure 4.17b it is closer to 50 V.
The plasma potential converges at the channel exit to around half the discharge voltage of 100 V,
which means that a considerable fraction of the discharge voltage does not go into ion acceleration
in the discharge channel. Even for measurements taken at the scan origin, 50 mm downstream
of the exit plane and on the central axis, the plasma potential was measured at around 40 V.
The relatively high keeper voltage of around 30 V in this experiment and the presence of weak
magnetic field barriers between the discharge and cathode may go some way to explaining the
high potential in the plume. An optimised cathode and magnetic field topology ought to improve
voltage utilisation for the thruster.
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4.3.2 Electron temperature
Figures 4.18 and 4.19 display measured electron temperatures across the discharge channel. Elec-
tron temperature ought to be greatest where potential drops are observed, as the presence of a
sustained electric field requires the confinement of electrons in ~E× ~B drifts and Joule heating. This
appears to be broadly the case in Figures 4.18 and 4.19, which show that electron temperature
appears to be highest (around 10-14 eV) in the annular region and near the transition from annular
to cylindrical geometry, and lowest (around 8-10 eV) in the centre of the discharge channel and at
the channel exit, where the plasma potential is approximately constant.
Strong magnetic fields parallel to the probe can lead to overestimates in Te, since in this case only
electrons in the energetic tail of the EEDF contribute to the current. In a region along the discharge
channel outer wall, where the parallel magnetic field is around 400 G (giving a gyroradius of 0.3 mm
for 10 eV electrons, still several times larger than the probe radius, and potentially comparable
to the size of the sheath in this low density region), the electron temperature reaches a distinct
local maximum. The maximum apparent error that might be explained by such an effect, which
is observed at the same location in both Scans 1 and 3, is an overestimate of around a few eV.
However, a similar increase in temperature is not observed to the same degree on the thruster axis,
where the magnetic field strength parallel to the probe is almost twice that at the channel walls -
this suggests that the observed increase in electron temperature near the channel wall is genuine,
at least to some extent. The fact that the increase appears to be confined to close to the discharge
channel wall is probably an artefact of the interpolation procedure.
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Figure 4.18: Electron temperature axial profiles and interpolated map, obtained from the inverse
gradient of the transition region in the semi-log plot, for Scan 1. The total uncertainty on each
point is estimated to be ±3.5 eV (see Section 3.3.7).
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Figure 4.19: Electron temperature axial profiles, obtained from the inverse gradient of the transition
region in the semi-log plot, for Scan 3. The total uncertainty on each point is estimated to be
±3.5 eV (see Section 3.3.7).
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4.3.3 Plasma density
Figures 4.20, 4.21 and 4.22 display measured ion densities using the offset and extrapolation meth-
ods for Scans 1 and 3. Despite quantitative differences between Scans 1 and 3 and between the
offset method and extrapolation method the qualitative trends found in ion density across the
channel are consistent. Density in the annular part of the channel and near the channel walls is
relatively low (order 1017 m−3) compared to density in the cylindrical part of the channel and near
the central axis (order 1018 m−3). The presence of a high density plasma on the central axis is
corroborated by the results of the preliminary experiment, as well as observations of bright blue
plasma in the centre of the discharge channel during operation using Krypton (see Figures C.2,
C.5 and 3.15) [37]. Similar qualitative trends in density (albeit with increased noise and with
severe underestimates relative to the ion density as discussed in Section 3.3.7) are observed in the
electron densities obtained from the electron saturation and EEPF integration methods for Scan
1, displayed in Figures 4.23 and 4.24.
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Figure 4.20: Ion density axial profiles and interpolated map, obtained by defining an ion saturation
current at a fixed 5 V offset below the floating potential and using the thin sheath approximation,
for Scan 1. The total uncertainty on each point is estimated to be ±7 × 1017 m−3 (see Section
3.3.7).
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Figure 4.21: Ion density axial profiles and interpolated map, obtained by defining an ion saturation
current through extrapolating a linear fit to the ion current to the floating potential and using the
thin sheath approximation, for Scan 1. Unphysical negative densities are due to extrapolated
negative ion saturation currents, in regions of low density where the ion current does not strongly
saturate. The total uncertainty on each point is estimated to be ±7×1017 m−3 (see Section 3.3.7).
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(a) Offset method.
(b) Extrapolation method.
Figure 4.22: Ion density axial profiles obtained using the offset method and extrapolation method
for Scan 3. The total uncertainty on each point is estimated to be ±7 × 1017 m−3 (see Section
3.3.7). 160
Figure 4.23: Electron density axial profiles and interpolated map, obtained by defining an electron
saturation current at the greatest plasma potential estimate and assuming random thermal flux of a
Maxwellian distribution to the probe, for Scan 1. The total uncertainty on each point is estimated
to be ±3 × 1016 m−3, not accounting for large errors on the absolute values most likely due to
suppression of electron current by magnetic fields (see Section 3.3.7).
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Figure 4.24: Electron density axial profiles and interpolated map, obtained by numerical integration
of the EEPF, calculated using the second derivative of the probe characteristic up to the greatest
plasma potential estimate, for Scan 1. The total uncertainty on each point is estimated to be
±3×1016 m−3, not accounting for large errors on the absolute values most likely due to suppression
of electron current by magnetic fields (see Section 3.3.7).
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4.3.4 Debye length
It can be seen in Figure 4.25 that the Debye length, calculated for Scan 1 from the measured electron
temperature and ion density using the offset method, is greatest near the anode and near the channel
walls (i.e. where density is lowest). Traces collected in these regions indeed displayed relatively
poor saturation of the ion current, suggesting that orbital motion and/or sheath expansion and/or
other effects described in Section 2.3.6 are relatively important in obtaining accurate ion density
measurements. However, as discussed in Section 3.3.7, the importance of these effects is relatively
small in determining qualitative behaviour across the thruster, as a result of their occurrence only
in regions of low density. In high density regions where the Debye length is smallest relative
to the probe diameter of 0.1 mm, there was strong saturation of the ion current and the thin
sheath approximation would appear to be physically justified. Greater validity of the thin sheath
approximation across the discharge channel could be achieved through the use of a larger probe
radius, which would also have the benefit of a stronger ion current signal. However, this would
likely come at a cost of increased susceptibility to magnetic fields in the electron part of the trace.
A solution might be to use two probes of different diameters: a large probe for determination of
ion density using the thin sheath approximation and a small probe for measurements of electron
temperature and plasma potential with increased robustness to the effects of magnetic fields.
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Figure 4.25: Debye length axial profiles and interpolated map, calculated using the measured
electron temperature and ion density using the floating potential offset method, for Scan 1.
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4.3.5 Inferred physics of operation
It would appear that the magnetic field strength around the halo magnetic null region in the EE-
Halo thruster is insufficient to result in a significant confining influence on the local plasma, as
observed in the PC-Halo thruster (see Figure 1.10). In Scan 1, for which data collected in the halo
were not affected by an anomalous load line, there are no indications of significant effects on ion
density or electron temperature. Any observed local increases in electron density (see Figures 4.23
and 4.24) are likely due to greater current collection by the probe as a result of decreased magnetic
field strength near the halo, rather than true features of the plasma.
The EE-Halo thruster therefore seems to act essentially as a CHT, but with a reduced magnetic
field strength near the anode as a result of the halo - compare the results presented here with
those displayed for the CHT in Figures 2.6b, 2.13 and 2.14 [51, 70, 84]. Figure 4.26 collates the
heatmaps of Figures 4.15, 4.18 and 4.20 to display graphically the inferred physics of the device. It
is thought that these features are unlikely to change at higher discharge powers, given the observed
qualitative similarities to studies of CHTs conducted at more representative operating conditions.
The measured electron temperatures of around 8-14 eV are lower than measured values for the
CHT on account of the lower discharge voltage surveyed in this case. The reduced magnetic field
near the halo allows the anode potential to extend further towards what is likely to be a primary
region of ionisation (giving densities of order 1017 m−3, similar to a HET) and acceleration near
the peak in electron temperature close to the transition from annular to cylindrical geometry. The
raising of the potential close to the ionisation region through the reduction of the magnetic field
near the anode is a change to CHT designs suggested in Ref.s [89, 91]. The potential drop occurs
in the direction away from the thruster walls, resulting in converging ion beams. A secondary
region of high ionisation (giving densities of order 1018 m−3) is formed on the central axis, possibly
as a result of the combined actions of electron confinement in the axial direction and a locally
increased downstream plasma potential due to converging ion beams, resulting in greater residence
time of slow ions [92, 93]. There is some indication in Figures 4.17b and 4.19 of a shallow potential
well on the central axis of the thruster, in which sits the region of highest density, but further
measurements along the central axis of the thruster are needed to confirm such an effect. A large
fraction of multiply charged ions might be expected in the plume of the thruster as a result, as in
the CHT.
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(a) Ions accelerated towards the thruster centre line, in the an-
nular region and near the transition from annular to cylindrical
channel geometry.
(b) Electron temperature highest in regions of decreasing poten-
tial, ionisation also likely due to closed ~E × ~B drifts.
(c) Density greatest on central axis of thruster, possibly due to
increased axial confinement of electrons and slow ions.
Figure 4.26: Inferred ionisation and acceleration processes.
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Chapter 5
Conclusions
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5.1 Summary of key findings
The work presented in this thesis has provided foundational knowledge of the performance and
internal physics of the Halo thruster, using a 5 cm channel diameter, electromagnet laboratory
model. Measurements of thrust, specific impulse and thrust efficiency were obtained over a wide
range of operating conditions using a representative high vacuum, and the sensitivity of the meas-
ured performance to facility effects was assessed. Trends in plasma potential, electron temperature
and plasma density internal to the discharge channel were obtained, allowing the basic physics of
operation of the device to be inferred.
The EE-Halo thruster was found to exhibit comparable performance and similar distributions
of plasma parameters in the discharge channel to the CHT. Behaviour was shown to be broadly
robust to facility effects and different experimental setups. It would appear that in this thruster,
the low magnetic field strength compared to the PC-Halo thruster means that the magnetic null
regions act merely as regions of low magnetic field strength, and do not have a strong local confining
influence on the plasma. A transition in behaviour of the EE-Halo thruster might be observed with
sufficiently high magnetic field strengths, as plasma becomes increasingly confined in the magnetic
null regions in a similar fashion to that observed in the PC-Halo thruster (see Figure 1.10). However,
based on the results presented at lower magnetic field strengths, the EE-Halo thruster laboratory
model studied primarily in this work can be seen as essentially a CHT in cusp configuration, with
a reduced magnetic field strength near the anode due to the halo magnetic null region. This
reduced magnetic field strength near the anode may nevertheless be exploited to allow enhanced
performance relative to a standard CHT when combined with other design improvements [89, 91].
The findings of this research and the similarities of the EE-Halo thruster to the CHT make clear
the changes which should be made to improve the performance of the device:
 The annular part of the channel should be removed to give a fully cylindrical geometry. This
would reduce the impingement of ions on the central pole piece, and reduce wall losses due
to a region that seems to contribute relatively little in terms of production of thrust. FCHTs
have been demonstrated in several studies to have improved performance compared to CHTs
with mixed annular and cylindrical geometries [77, 84, 87].
 As well as removing the annular region, the radial magnetic field barrier between the halo
and anode surface should be removed, in order to move the ionisation region closer to anode
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potential [89, 91]. The halo should sit above the surface of the anode, in a more similar
fashion to the PC-Halo thruster.
 The discharge channel diameter should be reduced to 3 cm or less and the magnetic field
strength between the halo and null point increased as much as possible, to optimise for
lower powers of order 100 W appropriate for use on a small satellite. Comparison with
CHTs (see Figure 4.10) revealed that 5 cm thrusters with magnetic field strengths around
300 G tend to exhibit peak anode thrust efficiency at powers around 300-400 W, while 3 cm
thrusters with magnetic field strengths around 800 G optimise at lower powers [84, 88, 92].
It might be favourable for a smaller diameter thruster to trade off the achievable magnetic
field strength against thruster weight - the Aluminium magnet wire used for the current
prototype limits coil currents to 2 A and was selected to reduce thruster weight, but the
penalty of additional weight due to the use of Copper magnet wire in a revised thruster
may be outweighed by improvements in performance achievable with higher coil currents and
magnetic field strengths. Higher magnetic field strengths may also allow additional control
over plasma parameters through increased confinement in the halo magnetic null region, the
possibility of which should not be discounted as a result of the findings of this work, which
was conducted at relatively low magnetic field strengths.
 The channel length could be optimised, or as a first approximation set equal to the fully
cylindrical channel diameter - longer channel lengths were found to increase performance in
a CHT, but clearly this trend reaches a limit as outgoing ions begin to impinge significantly
on the channel walls with increasing length [86, 91].
 The points of propellant injection into the discharge channel could be moved to the anode
outer radius and directed in the radial direction, to maximise propellant utilisation through
increased neutral residence time and azimuthal uniformity of the injection [90].
 Optimisation of the magnetic field topology through the independent variation of coil cur-
rents should be undertaken to maximise propellant utilisation, minimise electron cross-field
transport and minimise plume divergence.
 In parallel with optimisation within the discharge channel, the hollow cathode neutraliser
and electromagnets should be optimised for low power (and low cathode flow rate) operation
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at the desired current levels required by the thruster, to maximise total specific impulse and
thrust efficiency.
Given its similarity to the CHT, and its potential advantage of a reduced magnetic field near
the anode, an optimised EE-Halo thruster may well be capable of performance exceeding that of
current commercial offerings of low power HETs (see Table 1.3), and would be a viable candidate for
near-term industrial exploitation. Even in its current under-optimised form, the thruster presents
a significant step up in performance compared to many heritage small satellite EP systems (e.g.
Resistojet, PPT, QCT), which could enable novel small satellite mission architectures. Examples
of use might include drag compensation in very low orbits, orbit control and/or raising, end-of-life
deorbiting and formation flying in constellations [3, 21, 22, 150]. A PE-Halo thruster optimised for
lower powers, with an even smaller channel diameter and increased magnetic field strength in the
discharge channel, may also be readily realised in the medium term through scaling of the optimised
EE-Halo thruster design (and its neutraliser). The PC-Halo thruster may deviate significantly in
mechanism from the CHT as a result of its central neutraliser, and may allow improved performance
in the long term as a result of potential advantages in this novel configuration, such as the re-use
of cathode propellant.
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5.2 Recommendations for future work
PE/PC-Halo thruster
The PC-Halo thruster remains of great research interest. Based on limited photographic evidence
(see Figure 1.10), the strong magnetic fields in the device appear to confine plasma in the magnetic
null regions. This may allow significant ionisation close to anode potential in the halo, and would
represent a significant departure in mechanism from conventional HET/CHT devices, in addition
to the use of a central neutraliser. The central neutralisation of the thruster is a novel feature in
need of investigation - central neutralisation leads to improved performance in HETs [40], but it
is unclear what the effects of central neutralisation will be on the plasma potential distribution
and performance of this device, given the behaviour of CHTs and the results presented for the EE-
Halo thruster. No example of a centrally neutralised CHT exists in the literature, apart from an
early proof-of-concept prototype of a CHT operated with an upstream electron cyclotron resonance
plasma source, for air-breathing electric propulsion [157]. More experiments are clearly needed to
characterise the performance and internal physics of the device - it remains to be seen whether the
novel magnetic field topology and central neutralisation of the thruster give advantages sufficient
to outweigh the penalty of reduced magnetic field strength versus CHTs of comparable size, as a
result of deliberate magnetic cancellation.
It proved challenging to operate the PC-Halo thruster for extended periods, due to of overheating
of the NdFeB magnets used (see Appendix B). Regardless of whether a satisfactory solution can
be found to maintain the position of the cathode on the central axis, the use of an external
neutraliser to produce a Permanent-magnet Externally-neutralised (PE) Halo thruster should be
considered. Such a thruster could be scaled effectively to very low powers as a result of the high
magnetic field strength achievable in a small volume compared to electromagnet thrusters, and
would have no power requirements to reduce an optimised magnetic field topology. Indeed, the use
of permanent magnets appears to be the emerging consensus approach for small channel diameter
CHTs [76, 78, 85, 91].
In addition, differences in plasma behaviour and performance between PE and PC-Halo thrusters
should be investigated, ideally using the same thruster but with the cathode mounted either cent-
rally or externally, to clearly establish the advantages and disadvantages of each approach. The
design of the PC-Halo thruster (see Appendix B) should be modified to allow extended operation.
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Using Samarium Cobalt (SmCo) or Ferrite magnets and positioning the cathode further upstream
of the thruster away from the magnets may alleviate these problems, but would introduce additional
challenges of reduced magnetic field strength versus NdFeB magnets and increased wall losses of
electrons in the tunnel between the cathode and discharge channel respectively. An active means
of reducing thermal soak to the magnets would also be useful, but should not rely on water cooling,
as this would result in difficulties in performing accurate thrust measurements and in any case is
not a solution that would be used in flight.
Simulation and scaling
In parallel with experimental work, numerical models should be developed and compared to ex-
perimental data in order to understand at a more fundamental level the processes of ionisation,
acceleration and electron cross-field transport in the thruster. As a starting point, the qualitative
behaviour of plasma in the transition between an azimuthal ~E × ~B drift region and a reduction in
the magnetic field strength to zero near the anode should be investigated, to first approximation
using a 1-D model with azimuthal symmetry. This may be sufficient to understand the utility of the
halo in the EE-Halo thruster, where magnetic fields around the halo are weak and the magnetic
null region acts only as a region of reduced field strength. 2-D effects such as the confinement
of plasma with higher magnetic field strengths around the halo will require a more sophisticated
model. An experimentally validated 2-D (axial-radial with azimuthal symmetry) model for the
thruster would be enormously useful in further optimisation of the design (in terms of performance
as well as lifetime, which is difficult to assess experimentally) and in scaling.
Performance characterisation
Empirical optimisation of future thruster iterations could be carried out to a sufficient degree of
accuracy using the procedure described in Section 3.2. Future performance characterisation studies
should be conducted at as low a background pressure as possible (which is easier in a given facility
for low power thrusters using lower anode flow rates) and ensure that cathode flow rate is always
minimised prior to conducting experiments. This could be achieved by operating the thruster at
the highest power (highest thrust) conditions to be surveyed, while measuring the cathode floating
voltage - the cathode flow rate should be as low as possible (with a small safety factor) before the
cathode floating voltage becomes highly negative, which is indicative of incomplete neutralisation.
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Measurements in the constant current part of the I − V characteristic curve, which correspond
to greatest performance, should be prioritised to reduce the number of points to be surveyed.
Magnetic field optimisation, both in terms of field strength and topology, should also be performed
at constant discharge power and anode flow rate.
The experimental setup might be improved in several ways. The linearity and consistency of
operation between experiments of the thrust balance could be improved by adding rigid cable
junction points to the stationary frame and moving platform, between which flexible cables could
be arranged permanently in a way that minimises frictional forces. The calibration procedure could
be verified against an independently calibrated load cell to reduce the systematic uncertainty in
the measurements. To reduce thermal drift of the zero thrust line, an active thermal management
system could be added, using a combination of heater elements and Peltier coolers to control the
temperature of the balance, particularly near the flexures which have the strongest influence on the
effective stiffness. A feedback control loop could be implemented using an Arduino microcontroller
and thermocouples.
Translating Langmuir probe
The experimental setup described in Section 3.3 could be significantly developed to allow further
Langmuir probe measurements of future thruster iterations, within the discharge channel and near-
field regions, at conditions representative of typical operation.
A near-term change to the existing setup might include the upgrading of the amplifier to deliver
a larger bias sweep voltage range. Ideally a peak in positive voltage of at least 300 V would be
desirable, in order to resolve the knee of the trace everywhere in the discharge channel at a typical
discharge voltage of 200-250 V. In addition, it was found in this work that the error due to the
limited resolution of the oscilloscope analogue to digital converter was small in comparison to other
errors - future experiments using a similar data acquisition setup should aim to use larger voltage
divisions than that used for the complete Scan 1, in order to capture the full trace across the entire
discharge channel.
A significant source of error in the measurements of ion density was incomplete knowledge of the
load line, which appeared to change between scans. This could be alleviated by performing frequent
load line checks between sample points. In the absence of plasma, the load line with the probe
connected to the external biasing circuit (relay closed) should be compared to the load line with the
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probe disconnected (relay open). If the difference in the load line is small in these two cases (which
is to be expected, as current leakage is likely to be negligible between the feedthrough and probe
compared to leakage in the biasing circuit), the load line could be automatically checked before
and after each measurement by simply repeating the measurement procedure with the relay open
between sample points, while the thruster was kept running. With more fundamental revisions to
the biasing and data acquisition circuit, noise could be sufficiently suppressed to allow accurate
EEPF measurements, which would be an excellent means of validation of simulations [129, 158–160].
Improvements could be also made in the near-term to the probe construction. Gold-plated
tungsten wire, which is readily available at prices comparable to unplated wire, may assist in
creating a minimal resistance connection between the probe tip and the point of probe voltage
measurement. Within the probe shaft, where the temperature remains relatively low, the gold
plating would reduce resistance to current flow between the external biasing circuit and probe tip.
Also, gold can be soldered to form a much better electrical connection to the probe wire. Plating
the probe wire with a metal of lower melting point might have the additional benefit of clearly
indicating the probe collection area after an experiment when viewed under a scanning electron
microscope, as the non-refractory metal would quickly ablate in electron saturation to leave the
exposed tungsten core. To cut the probe wire without crushing the tip, it was suggested by a
scanning electron microscope technician that dipping the wire in liquid nitrogen would help to
obtain a cleaner fracture across the length of the probe.
In order to satisfy the conflicting requirements of a small probe desired for the electron part of the
characteristic (to reduce perturbation in electron saturation and allow the use of non-magnetised
probe theory) and a large probe desired for the ion part of the characteristic (to satisfy the thin
sheath approximation), a nested probe design might be employed, similar in construction to RF-
compensated Langmuir probes [124]. A thin wire (order 0.05 mm diameter or less) protruding
from an insulating capillary tube could be used to obtain accurate measurements of the electron
part of the characteristic (giving Te, Vf , Vp, ne and the EEPF), while a larger tubular electrode
(order 1 mm diameter), with its end situated near the end of the capillary tube, could be used for
the ion part of the characteristic. The hollow electrode and the smaller probe housed internal to
it could be supported in a larger ceramic shaft, such that only a section of small, known length of
the outer probe is exposed to the plasma. The outer probe need not be constructed from tungsten,
as it would not reach high temperatures in electron saturation. The ion part of the characteristic
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could be defined in real-time during the experiment, by using the floating potential determined
using the smaller probe as a reference voltage to set the upper limit of the bias sweep for the
larger probe. With such a setup, the shunt resistors used in current measurement could be resized
based on expected currents to each probe, given the data presented here. This would allow greater
signal to noise ratio in ion saturation than can be achieved with a single resistor, that must have
a sufficiently low resistance so as not to exceed its power rating in electron saturation.
With a larger probe invariably in the thin sheath regime at fixed negative bias voltage, changes
in density over the discharge channel could be measured at very high spatial resolution (and at
high speed, even during motion of the probe), and time-resolved measurements of density oscilla-
tion amplitudes could be made at fixed locations in the discharge channel, using an oscilloscope
to acquire probe data as described in Section 3.3. The resulting frequency spectra could be com-
pared with simultaneously acquired oscillations in the discharge current, to identify fundamental
plasma oscillations which may have implications for understanding electron cross-field transport
and perturbations to various thruster wave modes due to the presence of the probe.
The design of an improved translation stage is also desirable - motion of the probe using the
existing translation stage is quite slow, limited by strong vibrations induced by the worm drive
mechanism at higher speeds. A fast probe insertion mechanism may be required for measurements
at higher powers to reduce perturbation. The translation stage used in this work is better suited
for slow surveying of the plume, its original design intention - an updated design was not necessary
for achieving the aims of this work, but may be useful in future. A more compact translation
stage might allow the entire experimental setup to be placed within a vacuum chamber external
pod, reducing the time spent on pump-down/vent cycles during a troubleshooting phase. A suf-
ficiently small mechanism might even be mounted on a thrust balance to allow near-simultaneous
corroboration of performance and internal plasma parameters.
Finally, the analysis code could be improved by incorporating additional ion collection theories
(see Appendix D) and comparing between the results. Uncertainties due to the analysis input
parameters and other systematics may be more completely characterised through the use of a
Monte Carlo technique.
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Other diagnostics
Many more diagnostic experiments could be performed on future thruster iterations to extract
further information about the thruster physics and optimal operating conditions. Other translating
electric probe techniques might be used to increase the accuracy of measurements for particular
plasma parameters (although the Langmuir probe is still the best option for rough simultaneous
measurements of many plasma parameters, and accurate EEPF measurements are the current
state-of-the-art for electric probes in general), or wall-mounted probes might be installed to survey
time-dependent phenomena in both the axial and azimuthal directions [70, 161].
The plume of the thruster should be surveyed, using a rotating stage for the thruster to capture
the full plume angle. A Faraday probe already available at SSC, used in a previous study for
the QCT, would allow relatively simple first measurements of ion current density as a function of
plume angle [26]. Future experiments might employ an RPA to measure the ion energy distribution
function and an ~E × ~B probe to measure ion species fractions.
Non-invasive, spectroscopic measurements of plasma properties in the discharge channel and
plume would also be extremely valuable for an improved understanding of the physics of the
thruster. Species fractions might be extracted using absorption/emission spectroscopy, while the
ion velocity distribution function might be measured using LIF.
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Appendix A
Overview of relevant plasma physics
Understanding the mechanisms through which thrust is produced by an EP device requires know-
ledge of the plasma physics occurring within a thruster discharge channel and plume. Plasma is
the fourth state of matter alongside solid, liquid and gas, and is created through the ionisation
of a gas to produce a mixture of ions, electrons, neutral atoms/molecules and excited states. In
addition to undergoing collisions to produce conventional gas dynamics, the charged particles in
a plasma can interact with externally applied electromagnetic fields as well as with each other,
resulting in highly rich and complex behaviour. In the following sections a general overview is
given of plasma phenomena referred to in this thesis - further detail can be found in general plasma
physics references such as Ref.s [6, 67, 162].
Definition of plasma and Debye length
A key property of a plasma is that it is macroscopically neutral, or “quasi-neutral”, despite con-
taining charged species. Perturbations in the electric charge distribution of a plasma are rapidly
smoothed by a collective electrostatic response by charged species (generally electrons, since their
charge to mass ratio is orders of magnitude greater than that of ions due to their lower mass).
However, charge density perturbations can persist on a microscopic scale as a result of the random
thermal motion of particles. The Debye length, λD, is the characteristic length over which the
electric field produced by a charged particle can influence the motion of other charged species in a
plasma - exterior to the “Debye sphere” of volume 43piλ
3
D, particles move collectively to shield the
rest of the system from this influence. The Debye length is defined as:
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λD =
√
0kBTe
nee2
(A.1)
where 0 is the permittivity of free space, kB is Boltzmann’s constant, Te is the electron tem-
perature, ne the electron number density and e the magnitude of the electron charge. Electron
temperature is a measure of the average energy of electrons (usually quoted in electron Volts, eV,
converted from Kelvin via the relation kBTe[K] = eTe[eV]), and is formally defined as a property
of the isotropic Maxwell-Boltzmann distribution function. For electrons (with mass me) in ther-
modynamic equilibrium, the Maxwell-Boltzmann distribution function fe of electron velocities ve
is given by:
fe(ve) = 4piv
2
e
(
me
2pikBTe
) 3
2
e
−mev2e
kBTe (A.2)
The electron density is related to this distribution function via its integral over all velocities,
ne =
∫
ve
fe(ve) dve (A.3)
and the mean thermal velocity of the distribution c¯e is related to the electron temperature
according to
c¯e =
1
ne
∫
ve
vefe(ve) dve =
√
8kBTe
pime
(A.4)
‘Maxwellian’ distributions of electrons and other species are often assumed as a simplifying case
for many plasma physics problems. The plasmas relevant to EP are classed as ‘low temperature’
plasmas, in which the electron temperature is much greater than the ion temperature, Te  Ti.
The electron density is equal to the sum of all positive ion species densities, ni, in a quasi-neutral
plasma (negative ion species are not considered in this thesis). In a Hall Effect Thruster (HET),
typical orders of magnitude for electron temperature and density are 10-20 eV and 1017 to 1018
m−3 respectively, giving Debye lengths of order less than 0.1 mm.
A plasma is distinguished from a more general ensemble of charged particles through the prop-
erties of Debye shielding and quasi-neutrality. A system of particles constitutes a plasma if:
 The characteristic length scale of the system, L, is much greater than the Debye length, so
that Debye shielding can occur across the system: L λD
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 The number of electrons in a Debye sphere is large, so that collective behaviour of the particles
dominates over binary interactions: neλ
3
D  1
 Quasi-neutrality is maintained across the system: ne =
∑
i
ni
Charged particle motion in electromagnetic fields
The effects of external electric and magnetic vector fields, ~E and ~B, on the motion of a particle of
charge magnitude e moving with a velocity vector ~v are governed by the Lorentz force, ~FL:
~FL = e
(
~E + ~v × ~B
)
(A.5)
As a result of this force, it can readily be shown that an electron/ion of mass me/i moving
through a uniform magnetic field of strength B, at a velocity v⊥ perpendicular to the magnetic
field, will execute circular motion (cyclotron motion), with radius re/i (the electron/ion cyclotron,
gyro- or Larmor radius) and angular frequency ωe/i (the electron/ion cyclotron frequency). re/i
and ωe/i are defined as
re/i =
me/iv⊥
eB
(A.6)
ωe/i =
eB
me/i
(A.7)
In order to analyse motion in more complicated combinations of ~E and ~B, ‘guiding centre’
theory is often employed. This involves the calculation of contributions to the motion of a particle
around a single cyclotron orbit, which are then averaged over the orbit period in order to find the
total change in motion imparted to the guiding centre at the focus of the cyclotron motion. This
technique requires the assumption that changes in the magnetic field strength over the cyclotron
orbit are small. Particle motion is then approximated by the motion of the guiding centre, overlaid
by circular cyclotron motion, giving cycloidal and helical paths.
Using this formulation, many important plasma phenomena can be described. Examples partic-
ularly relevant to EP include the ~E × ~B or Hall effect drift and the magnetic mirror effect.
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Conductivity
As a fluid containing unbound charged species, the thermal and electrical conductivity of a plasma is
very high. It is usually the movement of electrons in a plasma that dominates current contributions
over other charged species, due to their high charge to mass ratio. A low temperature plasma can
sometimes be modelled as a stationary lattice of ions through which electrons are free to move,
much like in a metal. Unlike in a metal, however, current in a plasma is not always necessarily
due to the movement of electrons alone. In the presence of an imposed magnetic field barrier to
current flow (which has a greater impeding effect on electrons than on ions for the same reason
of high charge to mass ratio), an electric field can result in a current carried primarily by ions
- a phenomenon exploited in particular by Hall Effect and Cusped Field Thrusters (see Section
2.1), which accelerate ions along a potential difference sustained across a magnetic field barrier to
electron diffusion.
A means of sustaining a plasma is to generate electrical currents within it - collisions resulting
from imposing electric fields and accelerating free charges (usually electrons) ensure that a plasma
remains ionised. The sustained driving of current through a plasma can be achieved by DC circuits
connected to electrodes in direct contact with the plasma, or by AC circuits generating time-varying
fields in the plasma (either directly with an electrode or indirectly with an antenna). A plasma
through which a current is driven is often referred to as a discharge. Plasma discharges exhibit dif-
ferent behaviours depending on the nature of the driving electric fields and the ‘collisionality’ of the
plasma (the degree to which collisions between particles dominate macroscopic plasma properties).
Plasmas of high collisionality can be described by fluid relations (the so-called magnetohydro-
dynamic, or MHD, equations), while modelling plasmas of low collisionality requires appreciation
of ‘kinetic’ effects on particles such as motion in external electric and magnetic fields (described
using ion and electron distribution functions). A HET is a type of ‘magnetron’ discharge, which
is sustained through the driving of direct current through the plasma to heat electrons confined in
closed ~E × ~B drifts - it is somewhat intermediate between fluid and kinetic regimes, as both single
particle motion and collisions are important.
Radiation
A very recognisable property of a plasma is its interaction with radiation, typically demonstrated in
the visible spectrum by a purple/blue glow. Plasmas have rich electromagnetic emission/absorption
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behaviour owing to their constitution of free charged particles and various excited atomic/molecular
states.
The radiation emission spectrum from a plasma consists of discrete spectroscopic lines, cor-
responding to the emission of photons from the decay of excited states, overlaid with radiation
emitted due to acceleration of free charges. Particular examples of radiation due to accelerated
charges include electron/ion cyclotron radiation, produced by the gyration of charged particles
around magnetic field lines, and bremsstrahlung radiation, produced through collisional interac-
tions. Measurement and spectroscopic analysis of radiation emitted by a plasma, in order to probe
phenomena correlated to the radiation, is an important technique in plasma diagnostics.
Waves
Plasmas can support an enormous variety of wave modes (broadly falling into categories of elec-
trostatic, electromagnetic and fluid), in which energy is transferred between particles and fields
in either stable (constant wave amplitude), damped (decreasing wave amplitude) or unstable (in-
creasing wave amplitude) fashion. In a HET, large amplitude plasma instabilities have significant
implications for performance, providing mechanisms for energy loss.
Waves are described using dispersion relations, which relate a wave’s angular frequency, ω,
wavenumber, k, and velocity, c. The simplest dispersion relation (ω = const., which depends
neither on k nor c, corresponding to simple harmonic motion) is that resulting from uniform
displacement of electrons with respect to static ions in an unmagnetised, collisionless plasma. It
can be shown that this produces oscillation of the electrons about the ions with frequency ω = ωpe,
where the electron plasma frequency ωpe is defined as
ωpe =
√
nee2
0me
(A.8)
and represents the natural frequency of response to electrostatic perturbations of a plasma. More
complicated dispersion relations involving all of ω, k and c describe phenomena such as electron/ion
cyclotron resonance (transfer of energy from circularly polarised electric fields to particles gyrating
around magnetic field lines), Landau damping (transfer of energy between an electrostatic plane
wave, which has a dispersion relation ω = ck in vacuum, and particles with velocities similar to
the phase velocity of the wave) and instabilities (transfer of energy from particles to waves, which
remove energy from the plasma).
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Particle diffusion
Diffusion of particles in a plasma is complicated by interactions between charged particles of differ-
ing masses. The different diffusion rates of light electrons and heavy ions along a density gradient
result in the formation of electrostatic potentials, resulting in decelerated diffusion of electrons and
accelerated diffusion of ions - this is known as ‘ambipolar’ diffusion. Further complexity arises in
the presence of magnetic fields which, despite affecting the motion of individual electrons much
more significantly than individual ions, can still act as barriers to ion diffusion through trapping
electrons and exploiting the enforced quasi-neutrality of the plasma - this is a key principle of
magnetic plasma confinement.
Collisions with neutral particles
Elastic and inelastic collisions between charged particles and neutral particles in a plasma (and
also between particles and the walls of the containing vessel) have a strong influence on plasma
properties. Collisions between electrons and neutral particles govern the critical process of ionisa-
tion, and also provide a means of diffusion of confined electrons across a magnetic field barrier.
This has significant implications for performance of a HET. Also, in the plume of a thruster,
charge-exchange collisions between accelerated ions and neutral particles have implications for per-
formance (through increased beam divergence) as well as lifetime (through increased bombardment
of surfaces by energetic neutral particles).
The importance of a given collisional process in a plasma can be understood in terms of the ‘mean
free paths’ of fast moving electrons/ions in a plasma between collisions with neutral particles, λe/i.
The size of the mean free path relative to the plasma length scale and Debye length determines the
relative importance of a process. This length scale depends on the density of neutral particles in
the plasma, nn, as well as the ‘cross-section’, σX , for a collisional process X, a measure of collision
probability with dimensions of area:
λe/i =
1
nnσX
(A.9)
Alternatively, a mean free path for neutral particles, λn, with velocity vn between collisions with
fast moving electrons/ions can be formulated as follows:
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λn =
vn
ne/i〈σXve/i〉
(A.10)
where the quantity in brackets is the reaction rate averaged over the electron/ion velocity dis-
tribution. Mean free paths can also be written in terms of collision frequencies, νX :
λe/i/n =
ve/i/n
νX
(A.11)
In a HET operating using Xenon (assuming Te ∼ 10-20 eV, ne ∼ 5-10×1017 m−3, nn ∼ 1019 m−3),
typical mean free paths for electrons and ions between collisions with neutrals are on order 0.1 m
and 0.01 m respectively [6].
Interactions with surfaces
The different diffusion rates of electrons and ions in a low temperature plasma lead to interesting
behaviour near the surfaces of objects in contact with plasma, such as the walls of a containing vessel
or an inserted probe. Since electrons diffuse faster than ions, a surface immersed in plasma will
rapidly gather negative charge as electrons impinge upon it. This generates a negative electrostatic
potential relative to the local plasma potential, Vp, on a length scale of the Debye length, which
acts to accelerate ions towards the surface and repel electrons away from the surface. As a result,
an unbiased surface immersed in plasma sits at this ‘floating’ potential, Vf , below the plasma
potential. The resulting region of negative electrostatic potential and net positive space-charge
near the surface is called the ‘sheath’. The sheath forms in order to conserve quasi-neutrality, so
that the loss of electrons to the surface is matched exactly by a loss of ions. The properties of the
sheath are dependent on the bulk plasma parameters (electron temperature and density) and the
geometry of the surface, and are often crucial in driving processes which sustain a plasma.
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Appendix B
PC-Halo Thruster design and
experiments
Proof-of-concept thruster
The PC-Halo thruster proof-of-concept was constructed by A. Knoll in 2012. Figures B.1 and 1.9b
respectively display the mechanical design and simulated magnetic field topology of the thruster.
The device consists of concentrically arranged Neodymium-Iron-Boron (NdFeB) annular magnets,
housed around a Boron Nitride discharge channel of 46.5 mm OD and 23 mm length. The thruster’s
Copper anode sits at the outer edge of the discharge channel, while a HeatWave HWPES-250 hollow
cathode [148] (not shown) is located on the central axis upstream of the thruster. Propellant is
injected radially and flows around the anode to enter the discharge channel. A Copper heat sink,
with optional water cooling, is employed at the rear of the thruster, intended to prevent overheating
of the magnets during extended operation. The dimensions of the assembled device, excluding the
heat sink, are 72 mm OD and 44 mm length.
The first test campaign for this device, carried out in the SSC Daedalus vacuum facility (see
Section 3.1.4), used an inverted pendulum thrust balance previously used to characterise a QCT
proof-of-concept [23]. The sensitivity of the thruster to various flow rate combinations was first
mapped out at very low anode powers (10 to 20 W), before a power sweep, using a compromise of 2
sccm Krypton to both anode and cathode, was taken up to 100 W. Figure B.4 displays performance
data collected during this campaign. The results demonstrated some potential for the concept -
at 100 W anode power and very low flow rates of Krypton, the thruster delivered around 3 mN
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thrust, 1100 s anode specific impulse and 10% anode thrust efficiency.
Figure B.1: Cutaway 3D model.
Figure B.2: Mechanical design of Halo thruster proof-of-concept [35].
RF-Halo thruster
The results of the proof-of-concept encouraged further investigation of the device at higher powers
and flow rates - this provided motivation for a second test campaign conducted in June 2014, in
which a novel Radio Frequency Electron Source (RFES) was used, similar in design to the University
of Wisconsin-Madison’s Nonambipolar Electron Source [35, 163]. This ‘RF-Halo thruster’ test
campaign was carried out by T. Harle with assistance from the author. Testing focused initially
on characterisation of the RFES - it was confirmed that plasma could be readily generated in the
device, with no warm-up period, and that the device (and thruster) could operate on multiple
propellant gases, including air. Operating parameters of 200 W RF power and 4 sccm Krypton
flow were found to be sufficient to draw up to 4 A of current to a downstream plate anode,
and were subsequently adopted throughout testing of the thruster (optimisation of the cathode
parameters was not undertaken in this study). It was also found that the cathode produced no
measurable thrust, implying that thrust was produced entirely by the Halo acceleration stage.
These experiments were therefore seen as an extension to the low power, low flow rate thrust
measurements of the PC-Halo thruster taken previously with a conventional hollow cathode.
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The experimental setup and thruster operation in the SSC Pegasus vacuum facility (see Section
3.1.4) are displayed in Figure B.3a. Measurements of thrust were made at higher powers and flow
rates compared to the proof-of-concept test campaign - up to 600 W anode power and 15 sccm
Krypton anode flow compared to the values of 100 W and 2 sccm Krypton tested previously.
The resulting values of thrust, anode specific impulse and anode thrust efficiency as functions
of discharge power at various flow rates are displayed in Figure B.4 alongside the data for the
proof-of-concept test campaign.
(a) Setup on hanging pendulum thrust balance. (b) RF Halo thruster during operation.
Figure B.3: Photographs of RF Halo thruster experiment.
A linear scaling of thrust with increasing anode power is apparent in Figure B.4a, suggesting
that maximum propellant utilisation had not been reached and that there was further headroom for
performance improvements at higher powers. The measured thrust and specific impulse values of
∼10 mN and ∼1600 s at 600 W anode power and ∼14 sccm Krypton total flow rate are comparable
to those of a typical HET or CFT, while anode thrust efficiency increased from the previously
measured 2 sccm Krypton case of ∼10 % by around a third [35]. However, it must be noted that the
experiments were performed in the Pegasus vacuum facility, which may have led to overestimation
of the performance as a result of high background pressure (see Section 2.2.3). As a result of the
limited data collected for the PC-Halo thruster, further experiments were attempted using a revised
thruster design.
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(a) Thrust as a function of discharge power. (b) Anode specific impulse (neglecting cathode flow)
as a function of discharge power.
(c) Anode thrust efficiency (neglecting cathode flow
and keeper power) as a function of discharge power.
Figure B.4: Performance of the PC-Halo thruster proof-of-concept, using both a conventional
hollow cathode and an RF bridge neutraliser, for four Krypton flow rates. The label ‘a’ refers to
anode flow rate and ‘c’ to cathode flow rate, both of which enter into the discharge channel in the
centrally neutralised thruster.
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Revised thruster design
The NdFeB magnets used in the original PC-Halo thruster design are extremely strong and must be
rigidly mechanically secured. The first variant of the thruster used epoxy resin and later clamping
between two plates through the action of threaded rods to secure the magnets - neither of these
options were particularly desirable, for extended thruster testing or for safe assembly without
breaking the fragile and expensive ceramic channel. In attempting to permit further investigation
of the PC-Halo thruster, a new thruster was designed, constructed and operated, which employed
subassemblies for the inner and outer magnets to safely move the magnets into place and secure
them through the action of threads.
The magnetic field topology was identical to that of the original thruster to allow corroboration
and extension of previous results. Figure B.5 displays the design and assembly of the revised
PC-Halo thruster.
The revised thruster was successfully operated in July 2016 (see Figure 1.10b) using Krypton in
the Pegasus vacuum chamber, but unfortunately prolonged running required to conduct represent-
ative experiments was not possible without overheating of the magnets, even with water cooling.
The combination of a centrally mounted HeatWave HWPES-500 cathode used for the experiment
and the low temperature tolerance of the NdFeB magnets (which begin to become demagnetised
above 80◦C) was the source of difficulty. The cathode was very oversized for the application and
required very large heater powers to start (and unfortunately no other cathodes were available at
the time).
Since a thermal steady state of the thruster could not be established, thrust measurements
and surveys of plasma properties could not be conducted. Instead, a survey of current-voltage
characteristics at low power was conducted for several combinations of cathode and anode flow
rates, to establish preferred operating regimes for the thruster.
The discharge current and voltage were recorded using a PC with a National Instruments PCI-
6221 data acquisition card and LabVIEW software. Voltage data were acquired using a 100 kΩ to
1 kΩ potential divider and current data were acquired from the voltage across a 0.1 Ω shunt resistor
in series with the anode and cathode. Before each measurement the thruster was started with 1 A
discharge current, before data were acquired as power was reduced down to the point where the
discharge extinguished. Three repeats were conducted per condition surveyed, and the resulting
data sorted into 5 V bins owing to the large number of points acquired. Figure B.6 displays the
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(a) Cutaway 3D model, cathode and copper heatsink at rear not shown.
(b) Outer subassembly contain-
ing large outer magnet.
(c) Inner subassembly magnetic-
ally levitated above outer sub-
assembly.
(d) Magnets steadily compressed
into position under mechanical
force of threads.
Figure B.5: Design and assembly of revised PC-Halo thruster.
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Figure B.6: Averaged I−V characteristics for redesigned PC-Halo thruster using Krypton propel-
lant. Data was collected shortly after thruster start-up (not thermal steady state) to avoid magnet
overheating. The label ‘a’ refers to anode flow rate and ‘c’ to cathode flow rate.
results. It was not possible to operate the thruster at the very low flow rates previously surveyed
(down to 2 sccm total) - this was probably due to the oversized cathode used (HWPES-500 rather
than the smaller HWPES-250 [148]).
In increasing the total flow rate, the expected shift from higher to lower voltage at fixed current
for a HET-like discharge is observed. At fixed total flow rates, shifting the balance to higher cathode
flow rates results in an increased minimum power of operation and higher discharge voltage at a
given current. This might be explained by a decrease in conductivity to the anode as the anode
flow rate is proportionally reduced. The original 2012 proof-of-concept study found that at very
low powers of order 10 W, thrust efficiency increased with increasing anode to cathode flow ratio
at fixed total flow rate, but it is not clear how these findings translate to the higher powers and
flow rates surveyed in this case.
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Appendix C
EE-Halo Thruster previous
experiments
Initial performance characterisation, SSC Daedalus vacuum facility
Initial performance characterisation of the EE-Halo thruster laboratory model was conducted by
C. Ryan [35, 36]. The experiment was carried out in the SSC Daedalus vacuum facility in February
2015. The thruster was operated using Krypton (5, 10, 15 sccm) and Xenon (5, 10 sccm) at
various magnetic field strengths (0.5, 1.0, 2.0 A coil current) and at discharge powers up to 800
W. An in-house hollow cathode developed by D. Lamprou [34], a prototype for the HCT flown on
TechDemoSat-1 [149] and later the SSTL HCN [150], was mounted downstream on a retort stand
to neutralise the thruster. Throughout the tests keeper current was kept constant at 1.5 A, and
a very high cathode flow rate of 10 sccm (Kr and Xe) was required to operate the cathode. The
cathode ground return was connected directly to vacuum chamber ground throughout. Figure C.1
displays the thruster in operation during this campaign.
This study found that the thruster demonstrated performance comparable to other CFT con-
cepts, with the greatest performance figures of merit of 21 mN thrust, 2200 s anode specific impulse
and 29% anode thrust efficiency achieved using a 10 sccm Xe anode flow rate and 767 W discharge
power [35, 36]. The limitations of the work were the unrepresentatively high cathode flow rates re-
quired to operate the thruster, which likely inflated the performance due to propellant re-ingestion,
and operation using Krypton and Xenon at the same volumetric flow rates and not like-for-like
mass flow rates.
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Figure C.1: EE-Halo thruster laboratory model in operation using Krypton during thrust meas-
urement campaign in Daedalus vacuum chamber, February 2015.
Figure C.2: EE-Halo thruster laboratory model in operation using Krypton during thrust meas-
urement campaign in Pegasus vacuum chamber, August 2016.
Facility effects sensitivity study, SSC Pegasus vacuum facility
A study of the sensitivity of thruster performance to several extrinsic variables (see Section 2.2.3)
was conducted by H. Sandman under the supervision of the author as part of an MSc project [41].
In this experiment a HeatWave HWPES-500 hollow cathode was mounted downstream of the
thruster on a retort stand. Changes were observed in the thruster I − V characteristics, cathode
floating voltage relative to the chamber walls and performance as a result of varying cathode flow
rates, cathode grounding schemes and background pressure (controlled using an auxiliary gas feed).
Figure C.2 displays a photograph of the thruster firing during this campaign.
A nominal cathode flow rate was first established, through a compromise between minimising
flow rate to reduce background pressure and the need for sufficient flow rate to neutralise the
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outgoing beam. Initial operating conditions of 6 sccm Krypton anode flow rate, 1 A coil current
and 3 A keeper current were used, and the cathode ground return was floated relative to the vacuum
chamber via a 50 kΩ resistor. Figure C.3a displays the cathode floating voltage as a function of
anode voltage for several cathode flow rates. It was found that decreasing the cathode flow rate
to 0.5 sccm from 1 sccm resulted in a visibly more diffuse thruster plume, and was accompanied
by a significant change in cathode floating voltage from around -7 V to -20 V, decreasing further
to almost -40 V with increasing anode voltage. This was interpreted as a sign of incomplete
neutralisation by the cathode at this low flow rate - ions were preferentially being neutralised and
lost at the chamber walls, resulting in a net build up of negative charge of the thruster-cathode
circuit relative to the chamber. The increasing effect at higher anode voltage could be attributed
to the increasing flux of ions to the walls with higher discharge powers.
The effects of increasing cathode flow rate on discharge current and thrust, with the cathode
grounded and at a fixed discharge voltage of 180 V, were also investigated - the results are shown
in Figure C.3b. It can clearly be seen that increasing cathode flow results in an increase in dis-
charge current and thrust, likely as a combined result of increasing emission from the cathode and
increasing propellant re-ingestion by the thruster.
With a selected cathode flow rate of 1 sccm, the effects of varying the keeper current, grounding
the cathode and increasing the background pressure with an auxiliary gas feed were investigated.
The keeper current for the oversized HWPES-500 cathode was found to have a negligible effect on
I −V and thrust. It was found that the anode I −V characteristics and thrust (to within the 10%
experimental error) were minimally affected by grounding or floating the cathode, and that thrust
increased slowly with increasing background pressure ranging from 4-10×10−4 torr, as shown in
Figure C.4.
With operating conditions of 1 sccm cathode flow, 3 A keeper current and the cathode grounded,
thrust measurements were conducted for two coil currents (1.0, 1.5 A) and two low Krypton flow
rates (6, 8 sccm, approximately equivalent mass flow rates of 4, 5 sccm Xe) up to a low power
of 300 W. The thruster I − V characteristics and thrust as a function of power are presented in
Section 4.2 for comparison with the nominal data collected at DFEPL.
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Figure C.3: Effects of cathode flow rate on thruster operation.
(a) Cathode floating voltage relative to vacuum chamber walls as a function
of discharge voltage.
(b) Thrust and discharge current, normalised to maximum values, as func-
tions of cathode flow rate, at fixed discharge voltage.
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Figure C.4: Thrust as a function of measured background pressure in the Pegasus chamber, at a
6 sccm Krypton anode flow rate, 1 sccm cathode flow rate, 1 A coil current, 3 A keeper current and
a fixed discharge voltage of 180 V. Grounded and floating cathode configurations were consistent
to within expected 10% experimental errors.
196
Figure C.5: EE-Halo thruster laboratory model in operation using Krypton during I−V measure-
ment campaign in Daedalus vacuum chamber, October 2016.
Preliminary operation using SSTL HCN, SSC Daedalus vacuum facility
In advance of an extended thrust measurement campaign at DFEPL, I − V measurements for the
thruster were conducted in the Daedalus vacuum chamber. This experiment was performed using
Krypton and an SSTL HCN, identical to a flight model to be flown on SSTL’s NovaSAR mission
with the QCT [150]. This was the first use of the thruster with the SSTL HCN, and the first
operation of the cathode using Krypton. Figure C.5 displays a photograph of the thruster firing
during this campaign.
I − V characteristics were recorded in sweeps from high to low power, at several coil currents
(1.0, 1.5 A) and flow rates (8, 12, 16 sccm, approximate equivalent mass flow rates of 5, 8, 10 sccm
Xe). The maximum power surveyed was 500 W. The cathode was floated relative to the chamber
via a 50 kΩ resistor and operated using a 2 sccm flow rate (increased relative to the 1 sccm used in
Pegasus to ensure sufficient flow for complete neutralisation at higher powers) and a keeper current
modified between runs to maintain an approximately constant total current of 4 A. The cathode
floated at around 10-20 V negative relative to the chamber. The results are shown in Section 4.2,
Figure 4.12, alongside the I−V characteristics recorded during the Pegasus experimental campaign.
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Appendix D
Ion collection theories for density
determination
Orbital Motion Limit (OML) theory
OML theory was originally developed by Langmuir and Mott-Smith in the 1920s [113]. The theory
assumes a thick sheath i.e. that the sheath potential varies smoothly from the probe surface at
r = rp to the plasma potential at the sheath edge at r = s, where rp  s. The theory applies
to low density collisionless plasmas and/or very small probes (Chen [124] recommends OML for
low density plasmas with ξp < 3). In this scenario, ions entering the sheath are not necessarily
collected by the probe - the likelihood of collection depends on the orbital motion of an ion about
the probe, which is governed by its energy and angular momentum on entering the sheath. The
likelihood of collection depends on the impact parameter b and the ion velocity at the sheath edge
vi, which correspond to a distance of closest approach, a. The ion is collected when a ≤ rp. Figure
D.1 displays the sheath structure for OML theory.
Assuming Maxwellian ions at the sheath edge (giving an average velocity on entering the sheath
determined by the random thermal flux, vi = c¯i), integrating over all velocities and impact para-
meters and taking the limits Ti → 0 (cold ions) and a  s gives the characteristic OML square
root dependence of the ion current on negative probe voltage:
Ii → Anie
√
2
pi
√
|e(Vb − Vp)|
mi
(D.1)
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Figure D.1: Sheath structure for OML theory. Ions incident from the sheath edge at infinity with
impact parameter b are collected by the probe when the distance of closest approach a is less than
or equal to the probe radius rp.
Allen-Boyd-Reynolds-Chen (ABR-Chen) theory
With increasingly negative probe voltage, the size of the sheath around a cylindrical probe expands
to maintain quasi-neutrality. When the sheath thickness is neither much less than nor much
greater than the probe radius, the thin sheath and OML treatments respectively are not strictly
appropriate, and the effects of a finite sheath size must be considered. ABR theory assumes that
ions with zero temperature are incident on the probe from infinity - orbital motion is neglected
and the ions fall radially towards the probe, as shown in Figure D.2 [164].
rp vi = 0
s
Figure D.2: Sheath structure for ABR theory. Cold ions fall from the sheath edge and are always
collected by the probe.
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In the ABR treatment, the Poisson equation is solved (originally in spherical co-ordinates, in
cylindrical co-ordinates by Chen [115]) from the probe surface out to infinity, assuming Maxwellian
electrons, to give
∂
∂ξ
(
ξ
∂η
∂ξ
)
= Jη−1/2 − ξe−η, (D.2)
where ξ = r/λD is the radius from the probe centre normalised to the Debye length, ηp =
−e(Vb−Vp)/kBTe is the negative probe voltage (relative to the plasma potential) normalised to the
electron temperature, and J is the probe current per unit length of the probe, Ip/lp, normalised to
the Debye length and Bohm velocity,
J =
eIp
2pikBTelp
√
mi
20ni
, (D.3)
The solutions of Equation D.2 are calculated for assumed values of J , and give the corresponding
probe potential for each J from the value of ηp(ξ) at the normalised probe radius ξp. The plasma
density ni can then be estimated by finding the best fit of the I − V data to the family of J − ηp
curves generated using Equation D.3. Since the J − ηp curves themselves depend on the plasma
parameters to be extracted from the data, an iterative procedure is generally employed. Rather than
solving Equation D.2 many times, a parametric relation can be used to compute the approximate
J − ηp curves at a level of uncertainty lower than typical experimental errors in a Langmuir probe
experiment [124].
Bernstein-Rabinowitz-Laframboise (BRL) theory
ABR-Chen theory neglects orbital motion of ions, while OML theory is appropriate only for very
thick sheaths (i.e. low density plasmas). BRL theory incorporates both finite sheath and orbital
effects. Maxwellian electrons and ions are assumed at the sheath edge (Laframboise [165] extended
the original work of Bernstein and Rabinowitz [166] by incorporating a spread in ion energies),
to derive an effective radial potential presented to incoming ions dependent on their energies and
angular momenta, shown in Figure D.3a.
Ions of a given angular momentum with sufficient energy to overcome the peak in the corres-
ponding effective potential (which occurs at an absorption radius rM ) are collected by the probe.
The total probe current at a given probe voltage is obtained by integrating over all ion energies
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and angular momenta, from the probe surface out to infinity, and is very difficult to compute. In
practice, it is much more convenient to fit data to parametrised curves and iterate in a similar
fashion to the ABR treatment described above [124, 167].
Figure D.3b shows the shape of theoretical J − ηp curves for different values of the normalised
probe radius, ξp, which are related to experimental variables Ii − Vb by normalisation factors. For
very small values of ξp, the OML result I
2
i ∝ Vb is obtained, while for very large values of ξp the
ion current saturates and the thin sheath approximation is appropriate.
(a) Effective radial potential profiles presented to in-
coming ions in BRL theory, as a function of probe
potential relative to the plasma potential, ion energy
and ion angular momentum (φp, E and J respectively
in this Figure only).
(b) Theoretical BRL J−ηp trace behaviour for differ-
ent values of ξp, obtained by integrating over all ion
energies and angular momentum at each probe bias
voltage. Chen suggests OML is a valid approxima-
tion for ξp < 3, while the thin sheath approximation
is valid for ξp > 10.
Figure D.3: Calculation of BRL theoretical predictions for comparison with data [124].
Ion-neutral collisions in the sheath
If the ion mean free path is comparable to the Debye length, i.e. if the ion Knudsen number
Ki = λi/λD ≈ 1, the measured ion current to a probe can deviate substantially from the predictions
of the above collisionless theories, as has been shown by comparison of the above theories with
microwave diagnostics [131]. Ion current to the probe is affected by ion-neutral collisions in the
sheath in a non-linear fashion, owing to the competing effects of orbital motion destruction and
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elastic scattering, as displayed in Figure D.4 [138, 140].
Figure D.4: Effects of ion-neutral collisions in the sheath on current collection. Relative to the
collisionless case, current can either be increased due to orbital motion destruction or decreased
due to elastic scattering away from the probe.
For a small probe ξp < 3, where the ion current is otherwise determined by OML, destruction
of orbital motion due to ion-neutral collisions leads to increased ion current [168]. This charge-
exchange ion current has been shown in a low-density DC plasma to increase linearly with increas-
ingly negative bias voltage, with increasing pressure enhancing the effect [169]. On the other hand,
elastic scattering of ions, which leads to a reduction in ion current, dominates for larger probes for
which orbital motion is less critical [170].
For laboratory plasmas with densities on order ∼ 1017 - 1018 m−3, the sheath in general cannot be
accurately described as either collisionless or a continuum. There does not yet exist a comprehensive
theory of ion collection by a cylindrical Langmuir probe that takes into account orbital motion,
finite sheath size and ion-neutral collisions across the entire range of probe to Debye length ratios
ξp and ion Knudsen numbers Ki [131]. It has been shown that for these plasmas with ‘intermediate’
collisionality, the most accurate methods in the absence of a complete theory are the collisionless
ABR-Chen theory with a correction for collisions [138, 140, 171], the mean of the predictions of
ABR-Chen and BRL [131], or a fit to I4/3 − V , the empirical so-called Floating Potential - Child
Langmuir (FP-CL) method due to Chen motivated by agreement with microwave diagnostics [162].
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